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PREFACE TO THE FIFTH VOLUME. 


a THE present Part completes the Fifth Volume, and with it 
_ terminates the present Series of these Memoirs. This Volume 
has extended to an unusual length, owing to the impossibility 
_ of including in the four Numbers Professor Plateau’s interesting 
' Researches on the Figures of Equilibrium, which, as the first 
_ part had appeared in our Fourth Volume, it was desirable to 
complete in the present Series. Besides the interesting re- 
searches just alluded to, the present Volume contains, among 
_ other valuable papers, Fresnel’s celebrated treatise on Double 
_ Refraction, Pliicker’s various papers on Diamagnetism, Weber’s 
important memoir on the Measurement of Electro-dynamic 
‘orces, and Knoblauch’s Investigations on Radiant Heat, which 
have been pronounced by one of the most eminent philosophers 
of this country as “not to be surpassed for extent and accuracy 


work will receive that attention which of late I have been pre- 
_yented from devoting to it by increasing years and other circum- 
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separation of the Physical from the Natural History Sciences, 
the New Series may acquire a wider circulation, and accomplish 
more fully the original purpose of the work,—that of making 
the friends of Science in this country acquainted with the 
investigations and speculations of their fellow-labourers on the 
Continent. 

In retiring from the field as Editor, it affords me much 
pleasure once more to acknowledge the valuable assistance 
which I have received from many kind friends since the com- 
mencement of this work, and especially from Colonel Sabine, 
the Rev. F. R. Robinson, D.D., Professors Faraday, Wheatstone, 
Lloyd, Forbes, Miller, Baden Powell, Challis, Owen, Sir J. Lub- 
bock, and the Rey. A. W. Hobson. It now only remains for 
me to commend the New Series to the attention and support of 
the English scientific public. 


August 28, 1852. 
RICHARD TAYLOR. 
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ARTICLE I. 


Contributions to the Comparative Physiology of the Invertebrate 
Animals, being a Physiologico-Chemical Investigation. By 
Dr. Cary Scumipt*. 


{Published as a separate work at Brunswick, 1845. ] 


INTRODUCTION. 


IF we survey the animal creation—if we discern in the infinite 
variety of external aspect the necessary result only of an internal 
structure—if, from numerous observations on the development 
of these forms, from original unity in the cell to their utmost 
complexity, we distinguish certain common morphological pe- 
riods, which we unite into typical laws of formation—lastly, 
if ascending from the simplest to the most compound, we en- 
deavour to comprise forms corresponding to similar stages of 
development as natural orders or families, the question urges 
itself upon us, Does an analogous combination of the chemical 
go hand in hand with the homonymous development of the mor- 
phological elements or not? in short, what connexion is there 
here between form and composition, between the elementary con- 
stitution of matter and its external, mathematically-definable and 
appropriate limitation in space? Although physiological che- 
mistry has made such extraordinary progress within the last few 
years, nevertheless in this direction barely anything has been 
done; and deductions by analogy from existing observations on 
the Vertebrata are, as we shall see, inapplicable to the more simple 
structures of the Invertebrata, from the Cephalopod down to the 
Monad. Lastly, although sound logic and natural philosophy 


* Translated from the German by J. W. Griffith, M.D, 
VOL. V. PART XVII. B 
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forbid us to base lofty edifices of theories and laws upon but few 
observations, on the other hand it compels us not to be satisfied, 
like the mason, with the mere collection of the building-stones, 
and to lose sight, over accumulating details, of a higher object, 
but at certain stages to look around, to arrange the results ob- 
tained, to compare them with known phenomena, and thus to 
extend our intellectual horizon. 

The present treatise forms an attempt at this, viz. to test 
experimentally Reil’s celebrated position, “that the phenomena 
of individual life are the necessary result of form and com- 
position ;” to introduce a new element, comparative chemistry, 
together with comparative anatomy, into the physics of organized 
~ beings, and thus to obtain new points of support for a rational 
philosophy of nature. Of course the real value of rough and 
minute comparative anatomy, especially the latter, ought not to 
be depreciated. Where it appertains to the subject, I have con- 
sidered it necessary specially to detail the researches of others as 
well as myself on this point. 

I have, however, avoided unnecessary anatomical detail. My 
desire was merely to state my own observations, and especially 
to show how comparative anatomy and chemistry mutually sup- 
port each other, and must go hand in hand in order to form a phy- 
siology of the animal kingdom, which, for its part again, can then 
alone suffice to satisfy the higher mental claims when in combi- 
nation with psychology and speculative philosophy generally. Un- 
fortunately but little has been effected in regard to the latter ; 
in fact, contrary to the broad path of empirical investigation, it 
constantly recedes from us; of course abstracted from the un- 
founded phantasies of the incompetent followers of the youthful 
Schelling, which being now out of date, merely deserve mention 
as forming historical records for our future warning. 

I have first given a general sketch, then proceed to the details, 
and finally recur to all that has been previously stated, where I 
shall attempt to develope some interesting positions in general 
physiology based upon them. 


I. General View. 


We so often find in the animal and vegetable kingdom a 
remarkable connexion between matter and form, i. e. a peculiar 
form and arrangement of the morphological elements so frequently 
corresponds to a definite combination of the chemical ones, that 
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we are compelled to regard this connexion as essential; and we 
might even now, in a modern garb, yield the first place in our 
experimental sciences to the ingenious ideas with which Reil 
formerly commenced his Archives. 

The greater the importance of an organ, the more does the 
variety in the combination of its chemical elements disappear. 
The nervous system, 7. e. the primitive fibres and the ganglion- 
cells, does not appear to present any chemical differences ; how- 
ever, nothing certain can be based upon mere microscopic reac- 
tions. The muscular system, 7. e. the primitive bundle (both the 
smooth and the transversely striated), exhibit the same composi- 
tion. In the vascular system, 7.e. the walls of the tubes, we 
also find no difference—both belonging to the proteine com- 
pounds, or being nearly related to them. ‘The intestinal canal 
with its appendages forms the transition to the cutaneous system; 
the epithelia follow next; horny plates, and certain membranes 
which are situated between the epithelia and the muscular 
laminz, or rather which themselves perform the functions of 
epithelia, exhibit the same composition; whilst the appended 
glands (the pancreas, liver and salivary glands), excluding their 
separate secretions, consist of proteine compounds. The same 
applies to the respiratory system. The external tunics of the 
laminz of the gills, as also the trachea, correspond to the cuta- 
neous system. Lastly, the latter, i.e. the tezuments destined 
as a protection from external influences, exhibit the utmost 
variety in form and combination. In the highest grade of the 
animal kingdom this system consists of proteine compounds; i¢ 
is purely animal; in the intermediate ones it is combined with 
the cutaneous system of plants; finally, in the lowest it is iden- 
tical with the latter. Hence the Mollusca stand higher than the 
Articulata; the latter occupy the intermediate station; the 
Zoophytes, in the true sense of the word, are plant-animals. 

The transition stages are all extremely interesting. Thus, in 
the Cirripedia, from the cirri alone they should, in a histo- 
logico-chemical point of view, be arranged among the Articulata 
(Crustacea), whilst from the shells they should be placed with the 
Bwwalves. Again, the Ascidia, which form the transition from 
the Mollusca to the Zoophytes, are arranged, from the delicate 
structure and the chemical properties of their tunics, among 
those animals which have a vegetable mantle. Lastly, also the 
most simple forms of the animal world (Bacillarie) form trans- 

B 2 
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itions to the primary vegetable-cell (mother of vinegar, yeast- 
cell), among which, with our scholastic definition of the notion 
of animal and plant, we fall into a most remarkable difficulty, for 
there are organic beings which combine the organic re- and de- 
composing forces (Stoffwechsel) and the chemical constituents of 
the plant with the locomotion of the animal ! 


II. Special Observations and Deductions. 
A. Nervous System. 


As is well known, we find a great uniformity in the minute 
structure of the nervous elements of the Vertebrata, and, judging 
from microscopic reactions, also in their chemical composition, 
In all we find ganglionic bodies and primitive tubes ; these when 
fresh are filled with homogeneous, highly refractive contents, 
which after death coagulate and become granular. Alkalies make 
the external outline of the ganglion-cells, also that of the primitive 
fibre (cell-wall), swell, become pale, transparent, then disappear 
(solution) ; the finely-granular contents become converted into 
large highly refractive drops, which are unchanged by acids and 
alkalies, and are dissolved by ether; acetic acid acts in a similar 
manner, but does not cause true solution, which points out that 
the wall of the primitive tube, as also that of the ganglion-cell, 
is entirely composed of the cellular tissue of the adjacent sub- 
stance; whilst fat, in a peculiar state of combination with albu- 
men, forms the fluid contents. 

If we regard the difference between the ganglion-cell and the 
primitive fibre as an essential morphological fundamental con- 
dition of the mechanism of the nervous system generally, as the 
originator and conductor of an active system of forces (nervous 
agency, nervous principle, &c.), we should naturally find it 
wherever the effects of this system are perceptible ; and, in fact, 
we do find it in the animal series generally, so far as we are able 
to trace these effects*. It is a priori extremely probable that 
this peculiar system of forces requires a peculiar material sub- 
stratum, in addition to a structurally distinct one, in order to be 
apparent in its actions, consequently to be perceptible to us. 


ag Valentin, Course and ‘i'erminations of the Nerves, tab. 8; and Wagner, 
Handworterbuch, p- 700 (Craw-fish). The latter author and Henle, Miiller’s 
Archiv, 1840, p. 818 (Distoma and Echinorrhynchus). Henle, Allgemeine 


Anatomie, p. 773. Ehrenberg, Description of a remarkable an. hitherto un- 
known Structure of the Brain, tab. 7. 
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Chemical analysis* has proved the existence of the former, and 
the microscope that of the latter, in vertebrate animals; the ex- 
traordinary quantity of peculiar fat and the large amount of 
phosphoric acid are not found elsewhere in the animal body. 
By the above reactions I satisfied myself, in the cesophageal 
ring of Anodonta, Helix (pomatia) and Limneus (stagnalis), as 
representatives of the Mollusca, in the Craw-fish, Cockchafer and 
geometrical spider (Epeira diadema) of the Articulata, of the 
identity of the chemical composition of the nervous elements in 
these different families; so that I consider the conclusion of the 
chemical identity of the nervous system, in the animal series at 
least, as not too hazardous; that nerves, which can only with 
great difficulty be isolated sufficiently for microscopic examina- 
tion, cannot be subjected to elementary analysis, is self-evident. 


B. Muscular System. 


As we know, two morphological muscular elements are distin- 
guished in the vertebrate animals,—transversely-striated primi- 
tive bundles and smooth fibres, which moreover exhibit nume- 
rous intermediate stages, as in the heart. The question of the 
existence of a chemical difference corresponding to this morpho- 
logical one, has as yet neither been suggested nor experimentally 
determined; the latter would also be effected with very great 
difficulty, especially with the active assimilative changes in the 
higher vertebrate animals, the intermediate products of which 
adhere very intimately to the morphological elements. We find 
fewer difficulties in the more simple organization of the Inverte- 
brata. The Articulata have transversely striated, and the Mol- 
lusca smooth muscular elements +; nevertheless the development 
of the twot exhibits great uniformity; in fact, in the young 
stages of the Crustacea we find plane primitive fibres, which sub- 
sequently acquire the transversely-striated aspect. The next 
question was, whether the same uniformity occurred as regards 
their composition. I therefore separated the large thoracic mus- 
cles of the Cockchafer, the muscles of the posterior abdominal seg- 
ments of the Craw-fish, and the adductor muscles of Anodonta, 


* Fremy, L’ Institut, No. 811, p. 435. 

+ R. Wagner, Miiller’s Archiv, 1835, p. 318. 

} For the Vertebrata, see Valentin, History of Development, p. 267, and 
Miiller’s Archiv, 1840, p. 198; Schwann, Mikroskopische Untersuchungen, 
p- 156; Henle, Allgemeine Anatomie, p. 600. Inthe Cephalopoda, A. Kélliker, 
Entwickelungsgeschichte der Cephalopoden. Zurich, 1844, p. 70. 
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carefully from the abdomen, sternum, large branches of the 
nerves, &c., exhausted them of the nutritive fluid by maceration 
in water, and of the fat in the minute nervous twigs by alcohol 
and ether; the residue necessarily constituted the pure primitive 
fibre. When dried at 266° F., and burnt in oxygen gas in a 
small platinum vessel, it yielded as follows* :— 
a. Craw-fish, 
Determination of the Ash. 

0°360 of the substance gave 0°0115 ash (pure phosphate of 

lime) = 3°194 per cent. 
Nitrogen. 

I. 0°349 of substance gave 0°819 ammonio-chloride of pla- 
tinum = 15°22 per cent. nitrogen. 

II. 0:3845 of substance gave 0°915 ammonio-chloride of pla- 
tinum = 15°34 per cent. nitrogen. 

Combustion. 

a. 0°7525 of substance gave 1°391 carbonic acid and 0°4655 

Earby os etter ae rm a neeeene 
hydrogen. . 7°10 
b. 0°7165 of substance gave 1°331 carbonic acid and 0°4485 


carbon .. . 52°39 
water = per cent. 
hydrogen. . 7°18 


b. Cockchafer. 
Determination of the Ash. 
0°2435 substance gave 0008 ash (phosphate of lime with a 
little phosphate of magnesia and a trace of oxide of iron) = 3°285 
per cent. 
Nitrogen. 
I. 0°378 substance gave 0885 ammonio-chloride of platinum 
= 15°20 per cent. of nitrogen. 
II. 0°367 substance gave 0°867 ammonio-chloride of platinum 
= 15°34 per cent. of nitrogen. 
Combustion. 
a. 0°720 substance gave 1:335 carbonic acid and 0°4515 water 


i (carbon... ee t 
Unydrogen Ss pag Ree Tea 


* The nitrogen was estimated by Varrentrapp and Will’s method. The cal- 


Eee in this as in all the following analyses, are made after the deduction 
of the ash, 
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b. 0°6123 substance gave 1°1295 carbonic acid and 0°3805 


i carbon... se pal iene 
~ (hydrogen . 7714 P f 


c. Anodonta. 


Determination of the Ash. 
0:402 substance gave 0°0075 ash (pure phosphate of lime) 
= 1°'866 per cent. 
Nitrogen. 
0°3555 substance gave 0°852 ammonio-chloride of platinum 
= 15°33 per cent. nitrogen. 


Combustion. 

a. 0°6478 substance gave 1°220 carbonic acid and 0°420 water 
_ fearbon.. . 52°40 t 
~ (hydrogen . paisa Berita 

b, 0°593 substance gave 1°119 carbonic acid and 0°380 water 

carbon. . . 52°50 

“it hydrogen . 7 ete ete re 

We thus have,— 


Primitive muscular bundle. 


Transversely-striated. Smooth, 
— —— 


ale os aa ~ > 
A. Astacus fluviatil. B. Melolontha vulg, C. Anodonta eygn. 
l. a. 2.0. 1..a. 1. a. b. 
Carbon*.... 52°14 52°39 52:35 52°08 52°40 52°50 
Hydropen ......7710..- 7°18. 7:20, 7714. = 9734. 7°26 
Nitrogen... 15°22 15°44 15°20 15°34 15°33 
We thus see that, in these representatives of the Articulata and 
Mollusca, there exists a uniform composition in those organic 
elements, through the medium of which spontaneous motion is 
effected. Among the Zoophytes the lowest form of the animal 
world at my disposal was Frustulia salina, Ehrbg.{, to which Ishall 
hereafter minutely refer in the consideration of the cutaneous 
system; I found in it 15 per cent. of a substance resembling 
proteine and abounding in nitrogen, and which in its reactions 


* The equivalent of carbon being = 75°12, that of hydrogen = 12:5, and 
nitrogen = 175 (from Erdmann and Marchand’s determination), according to 
which the logarithm for calculating the nitrogen from the ammonio-chloride 
of platinum formed (which must be added to the logarithm of the latter) is 
= 7978621. 

+ Ehrenberg, Die Infusions-Thierchen als vollkommene Organismen. Berlin, 
1838, p. 232. Ehrenberg saw a broad and thick foot, which served for loco- 
motion, project from the carapace in the closely allied Navicula fulva.—i. ¢. 
pp. 175, 178. 
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(solubility after swelling, and becoming transparent in alkalies, 
the same phenomena without subsequent solution in acetic 
acid, and the production of a lemon-yellow colour on being 
heated with nitric acid) agreed with the muscular elements. 
I shall subsequently state how elementary analysis and the esti- 
mation of the nitrogen were rendered impracticable. 

At all events, I think I have rendered the chemical identity of 
those organic elements which effect spontaneous motion, hence 
the purely vital functions of the animal, at least extremely pro- 
bable, although, as in every case, many more examinations are 
requisite to establish it. If with these results we compare the 
composition of fibrine, albumen and caseine, as found in the 
numerous experiments made under the direction of Liebig in 
Giessen*, and by Mulder}, we find a remarkable difference. 
All these secondary elementary substances of the animal organism 
contain 55 per cent. of carbon and somewhat more nitrogen. 
My own analyses throughout have been performed on such con-_ 
siderable quantities of anatomically-pure material, and the appli- 
cation of the platinum vessel with the current of oxygen ensured 
both an accurate determination of the hydrogen, and so sure a 
control over the perfect combustion of the carbon, and finally 
I have made them with such care, that I place. full confidence in 
them ; nevertheless I obtained only 522 to 52°5 per cent. of car- 
bon, and 15°2 to 15:4 per cent. of nitrogen. As we know, Scherer t 
has rendered it probable that the chemico-physical difference in 
the modifications of the fibrine in chyle from that in arterial and — 
venous blood depend upon a definite compound of the albumen. 
with oxygen in some form, so that the arterial fibrine which is 
relatively most consolidated yielded the largest amount of oxygen 
with the same relative proportion of the carbon to the nitrogen. 
Playfair and Bockmann’s§ analyses, the only ones which have 
been instituted on muscular fibre, had quite a different object in 
view, in which histological purity of the substance was not requi- 
site; their purpose was the comparison of the entire muscle with 


* The analytical results are in Wohler and Liebig’s Annalen, vol. xl. I 
recommend Liebig’s exposition of these relations, especially of the ¢rwe import of 
elementary analysis and the value of their expressions in equivalent formulz 
(see Animal Chemistry), to the consideration of those calculators of the atoms 
in tubercle of the liver, brain, lungs and abdomen, and other such absurdities, 

t Natuur en Scheikundig Archicf, for several years after 1836. 

{ Wobler and Liebig’s Annalen, vol. x). part 1. 

§ Liebig’s Animal Chemistry, Analytical Proots, 
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the entire blood. That fresh fibrine absorbs oxygen with extra- 
ordinary ease has been experimentally shown by Scherer; the 
analyses I have adduced lead to the assumption of the occurrence 
of a similar metamorphosis in the organism; whence the pure 
primitive muscular fibre would appear as the medium of trans- 
ition of albumen through all the modifications of fibrine into 
chondrine, from constant absorption of oxygen (perhaps partly 
with hydrogen, in the proportion for forming water). Thus 
we have— 


Proteine. Muscular fibre. Chondrine. 
ee a ee 55 52°3 50°5 
PAZ GKOREN: 9 i00\)\0 50) ih: id 6°8 
Nitrogen ..... . 16 15°3 14°5 


I shall return to this point in the subsequent consideration of 
the cutaneous system. 


C. Reproductive Organs. 


In the ovum we have differentials in magnitude of the future or- 
ganism; hencewe ought also to find initthe sum of the fundamen- 
tal constituents of the latter, and, with the exception of phosphate 
of lime, these do not present any essential differences ; but even 
the latter, however, is never perfectly absent. As is known, we are 
indebted to the investigations of R. Wagner* for the knowledge 
of the uniform structure of the primitive ova in the animal series ; 
an identical, or at least very similar grouping of the chemical 
elements appears to correspond to this. The occurrence of true 
crystals of stearine, as observed by Vogtt in Alytes, appears to 
stand isolated. The unimpregnated ova of Astacus (fluviatilis), 
Melolontha (vulyaris), Musca (vomitoria), Epeira (diadema), and 
Tegenaria (domestica), as representatives of the Articulata, Unio 
(pictorum), Anodonta (cygnea), Helix (pomatia and nemoralis), 
Limaz (ater), and Limneus (stagnalis), from the series of Mol- 
lusca, exhibited similar reactions, which were as follows :— 
Acetic acid caused the chorion and the vitelline membrane to 
swell without effecting their true solution; potash acted in the 
same manner; the contents at the same time swelled to such an 
extent as to burst the softened membranes, and numerous drops 
of fat came into view, the former being dissolved; the drops of 


* Prodromus historie generationis. Lips. 1836. Beitrdge xur Geschichte der 
Zeugung in Abhandl. der Miinchener Academie, vol. ii. 1837. 
+ Entwickelungsgeschichte der Geburtshelferkréte, Solothurn, 1842, p. 2. 
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oil were readily taken up by ether. I was fortunate enough to 
isolate the germinal vesicle in Anodonta; it completely disap- 
peared when treated with potash, excepting some drops of fat 
in the situation of the germinal spot; the contents of the ger- 
minal vesicle were coagulated by alcohol or nitric acid. Hence 
the chorion and vitelline membrane would consist of proteine 
compounds, the contents of the yolk abounding in fluid fat; the 
germinal vesicle, with its transparent contents, consists of albu- 
minates; the germinal spot would consist of one or more vesicles 
of fat*. On incineration, they all left comparatively large quan- 
tities of ash, consisting principally of phosphate of lime. 

If we add these experiments as a slight contribution to Ascher- 
son’s+ important observations on the formation of membrane 
around globules of fat in albuminous fluids, and above all to 
Wagner’s profound researches in this most difficult branch of 
the history of reproduction, the view of the latter upon the for- 
mation and import of the individual parts of the ovum becomes 
more deeply impressed upon our conviction. 

Cannot then the earliest formation of the ovum-cell, in ac- 
cordance with the observations which have been made, be 
explained by known mechanico-chemical laws? Wherever he- 
terogeneous bodies come into contact, condensation occurs at 
the surface of contact; the fact has been proved in the case of 
coercible gases and fluids. If now a fluid, in consequence of its 
chemical constitution, possesses the property of becoming com- 
paratively solid even by slight condensation, every drop of a 
heterogeneous fluid which gets into it becomes surrounded on 
all sides by a condensed mass, i. e. forms the contents of a cell. 
That the required property is probably possessed by a combina~- 
tion or mixture of albumen with phosphate of lime, I hope sub- 
sequently to prove; but that fat and albumen are extremely 
heterogeneous bodies is evident. In the glandular tubules of 
the ovary this fluid (albumen + phosphate of lime) exists; each 
globule of fat which reaches it condenses a portion to form the 
membrane of a cell. By the separation of solid constituents, the 
remaining albuminous solution must become more dilute, an 
effort at the restoration of equilibrium, endosmose, must occur, 
and a portion of fluid must get between the oil-globule and the 

* Most of these reactions have already been given by Wagner (Lehrb. d. 


Physiologie, 1843, S. 40). 
t Muller’s Archiv, 1810, S. 44 et seg. 
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membrane which has just been condensed, and which closely 
surrounds it; if we denominate the oil-globule the germinal 
spot, the vesicle thus formed corresponds to the germinal vesicle. 
If we place a solid body in a fluid filled with suspended mole- 
cules, the latter are rapidly deposited upon it; this phanome- 
non can be readily observed in any liquid in which we suspend 
a little powdered chalk or wood, and immerse a piece of chalk or 
wood. We find similar molecules in the tubules of the ovary, 
but they are innumerable, and consist of oil-globules surrounded 
with condensed albuminous coatings. When these are depo- 
sited around the newly-formed germinal vesicle, we have the 
yolk, which, after the deposition of the fatty molecules present, 
is surrounded by new albuminous layers, the vitelline membrane 
and chorion, just as a crystal in a saline solution. 

I consider that the formation of the ovum-cell as such may be 
arranged among known physico-chemical processes, but it does 
not then possess vitality; the totality of the motor phznomena, 
which we call life, results primarily from that peculiar combina- 
tion of the above-mentioned with new masses and forces which 
are in motion, by the addition of a new system of the same kind, 
—the spermatic fluid in impregnation. 

Lastly, if we study the yellowish masses on both sides of the 
siliceous carapace in the gelatinous envelope of Frustulia salina, 
which were pointed out by Ehrenberg as ovaries, we find the 
interesting circumstance, that elementary analysis aids us when 
our present optical resources (magnifying 1200 diameters !) carry 
us no further, i. e. that with the assistance of the former we can 
ascertain the physiological nature of organs, the isolation and 
further anatomical tracing of which would be impossible even to 
an Ehrenberg, with his wonderful skill in the vivisection of 
microscopic objects. Thus these yellowish masses are in reality 
only fat; they disappear on treatment with ether; and the 
latter contains considerable masses of a brownish fat in solution. 
The whole process of solution can be directly traced under the 
microscope in such specimens as have been previously placed in 
alcohol to remove the water. If we observe in the same manner 
the action of potash, we see that the remaining mass (proteine 
substance, probably the foot observed by Ehrenberg), which fills 
the siliceous carapace, dissolves, whilst the yellow masses con- 
tinue to run together, assuming a spherical aspect, and finally 
issuing from the apertures of the siliceous carapace in the form 
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of large oily globules. This fat is fluid, of the consistence of 
human fat, saponifiable by alkalies, and when heated is decom- 
posed, evolving the characteristic odour of acroleine and a fatty 
acid (thus containing oxide of glyceryle). The fatty acid, when 
separated from the potash-soap, formed a brownish oil, which 
when in solution reddened litmus, and yielded on analysis as 
follows :— 

0°413 of the substance gave 1°150 carbonic acid and 0°4315 
water; hence,— 

Carbon . « . « » 76°03'per cent. 
Hydrogen . . «. ~ 11°61 per cent. 

a. e. very nearly the composition of oleic acid, so that there is no 
further doubt about its nature. In the simplest animal forms 
in which we are able to recognise the ovary anatomically with 
certainty, it is the only organ in which such abundance of fat 
occurs accumulated in one spot; we have therefore every reason 
to regard Ehrenberg’s idea as a well-founded observation. Fur- 
ther remarks on the quantity of this fat (15 per cent.) in pro- 
portion to the weight of the coats, the muscular substance and 
the siliceous carapace, which is determinable with accuracy, also 
on the manner of ascertaining it, will be found in connexion 
with the cutaneous system. 


D. Vascular System. 


The walls of the tubular conductors, as also the pulsating 
central organ, appear, as regards chemical and in many respects 
histological identity (layers of longitudinal and annular fibres), to 
belong to the muscular system, and the former systems gene- 
rally. The heart and its auricles, with the largest vascular trunks 
of Unio, Anodonta, the Craw-fish, as also the dorsal vessel of 
Squilla (mantis) and of Scolopendra (morsitans), reacted in the 
same manner as regards solubility in alkalies, mere expansion 
and acquiring transparency in acetic acid, burning with the dis- 
agreeable odour of the albuminates, and becoming yellow by 
nitric acid ; however, I could not make any elementary analysis 
for want of sufficient substance. 


EK. Respiratory System. 


In the animal series, as is known, to allow the exchange of the 
gaseous products of the alteration of matter with the oxygen of 
the atmosphere, we have external or internal sacs, in which, on 
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the principle of the greatest possible extent of surface, numerous 
anastomosing canals containing the formative fluid run. The 
latter belong to the vascular system, whilst the former belong to 
the cutaneous system, of the chemical composition of which they 
partake. This relation is naturally most striking where the con- 
trast of the cutaneous system in general is most distinctly per- 
ceptible, as in the Articulata. The tracheal system of insects, as 
also that of the tracheal spiders, the respiratory sacs of the pul- 
monary spiders and the gills of the Crustacea, consist of Chitine 
according to investigations made on the cockchafer, the common 
house-fly and Ateuchus sacer among insects, the craw-fish and 
crabs among Crustacea, and Phalangium (parietinum) and Epeira 
(diadema) as tracheal and pulmonary spiders. This Chitine is 
a peculiar substance resembling woody fibre but containing ni- 
trogen and forming the cutaneous skeleton of these animals, 
further details of which will be given when treating of the latter. 
Its insolubility in potash, even after continued boiling, is highly 
characteristic of this substance; the organs under censideration 
may thus be easily isolated and prepared for microscopic analy- 
sis. The chitinous tissue does not exhibit the least change, and 
the elegant ramifications of the trachez especially may thus be 
exquisitely separated and examined. 


F. Organs of Digestion. 


The substance of the alimentary canal, the other tube which 
is in direct communication with the external world, appears to 
belong to the cutaneous system. This conclusion is based upon 
the examination of the stomach of the Craw-fish. It consists of 
an external, thin, transparent, difficultly separated mucous mem- 
brane, and an internal transparent membrane which unites the 
separate parts of the complicated framework of the stomach, and 
is covered with hairs of various forms. The latter membrane is 
cast annually, the former produces the new stomach, or rather 
the new epithelium. 

Von Bar *, with his usual acuteness of observation and clear- 
ness of description, first examined it, and at the same time re- 
futed numerous fables regarding the change of the stomach of 
the Craw-fish which had been current since the period at which 
Van Helmont + and Geoffroy ¢ (the younger of the two elder) 


* Miiller’s Archiv, 1834, p. 510 et seq. + Lithiasis, cap. vii. 
{ Mémoire de l’ Academie des Sciences, 1709, p. 309. 
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lived. Oesterlen * subsequently gave a full description and ter- 
minology. The last-mentioned transparent, and in other respects 
structureless membrane, with its manifold appendages (teeth, 
scales, hairs, &c.), forms the innermost layer of the intestinal 
tube; upon this lies the reproducing mucous membrane which 
we have mentioned, and lastly upon the latter, from the pylorus 
to the anus, layers of transverse and longitudinal smooth mus- 
cular fibres. Glands, cylindrical epithelium and such like, can- 
not be detected upon it; with difficulty we recognise slight in- 
dications of hexagonal cells, which enable us to determine its 
mode of development. The whole of this internal apparatus 
consists of chitine, that peculiar substance which forms thee - 
taneous system of the same animal, and consequently, of which 
are composed all those parts which are annually cast off and 
must be reproduced. Probably the same holds good with all 
Crustacea and perhaps with all the Articulata; I made the ob- 
servation too late in the year to be able to test its applicability 
to other families and genera. 

The intestinal canal of the Mollusca, as also their cutaneous 
system, resembles muscle. There is nothing remarkable in Unio, 
Helix, Limneus or Limaz ; the smooth elements of the layers of 
longitudinal and transverse fibres are narrower than those of the 
adductor muscle. The intestine of Ascidia mammillata exhibited 
the same relations. 


G. Cutaneous System. 


The external coverings of the invertebrate animals exhibit 
extraordinary variety in their minute structure, as also in their 
chemical composition. We here meet with phznomena which 
no one would @ priori expect, and which, when combined with 
others, overthrow any remaining chemico-physiological distinc- 
tion between animals and plants. We shall consider the che- 
mical relations according to the great natural orders, which, on 
the other hand, are characterized by those relations. 


1. Articulata. 


We cannot make any use of the older observations in this de- 
partment ; they were adapted to the existing state of knowledge 
at that time, but are now merely of historical interest. Odier’s + 


* Miiller’s drchiv, 1840, p. 387 et seq. 
+ Mémoire de la Société d Histoire Naturelle, tom. i. p.29 et seq. 
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investigation upon the elytrum and horny tegument of the Cock- 
chafer, which in correctness of observation and modesty of style 
excels many of those of his followers, forms an exception. He 
first found that the parts we have mentioned, after treatment 
with water, alcohol and potash, left a colourless transparent sub- 
stance retaining the original form, which, being characterized by 
the essential reactions of woody fibre, was considered by him, 
in consequence of a readily explicable mistake, as free from ni- 
trogen, and which asa peculiar modification of it, he desig- 
nated by the name of Chitine. 

In 1843 Lassaigne* renewed the investigation ; he asserted 
that he had detected this substance in the skin of the silk-worm 
and spider, and having repeated merely the same reactions he 
drew up such a magniloquent account as to render it almost 
doubtful whether he or Odier was the discoverer; and called it 
Eniomoderm, as the former name did not appear to him suffi- 
ciently suitable. He however found nitrogen in it. 

It is clear that so long as we are unacquainted with the ele- 
mentary composition and the true chemical relations of this sub- 
stance, we know nothing about it; and also that we cannot have 
the slightest idea of its physiological import, nor of the method 
of its formation from those animal and vegetable substances, &c. 
with which we are acquainted, much less ought we to assert 
anything of the kind. ‘This defect, which we could not attri- 
bute to Odier in 1821, renders Lassaigne’s statements at pre- 
sent useless. 

Not long since Payen + resumed this subject in a notice; he 
estimated the amount of nitrogen in this substance in compa- 
rison with the cellular membrane of plants ; it was 8°935 per cent. 
in the shell of the craw-fish, and 9°05 in the silk-worm. 

Lastly, there is an analysis by Children and Daniell {, which 
like Payen’s is also incorrect ; they obtained,—- 

Carian + #09 PI POKIGaG'08 
irydree ss eet oO 
Witropen* 2 FS “10°29 

I found Odier’s statements almost entirely correct. The elytra 
consist of the true wing-plates and the muscles by which they 
are moved; the vessels of the latter of course contain blood, 
Comptes Rendus, tom. xvi. p. 1087. 


Comptes Rendus, tom. xvii. p. 227. 
Todd, Cyclopedia of Anatomy and Physiology, vol. ii. p. 882. 


+> * 
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which held the substances soluble in water. The recently pre- 
pared ash does not however effervesce with acids; it contains 
soda and phosphoric acid, as proved by the yellow precipitate 
with salts of silver. The alkaline reaction is thus understood, 
and the effervescence observed by Odier is explained by the 
easy decomposition of the tribasic phosphates. The substances 
soluble in potash consist of the proteine of the above-men- 
tioned muscles and a brown resinous matter which unites the 
fibrous tissue. 

So much for the illustration of the historical points. I shall 
now proceed to my own observations. 

At first I made use of the Cockchafer ; the histological ele- 
ments of the tegument and elytra are the same, it is however 
difficult to decide positively as to this point before having re- 
course to the potash ; we find several superimposed fibrous mem- 
branes, which become distinct on disintegration ; their upper 
surface, which is especially impregnated with the resinous brown 
colouring matter, and covered with a thin epithelium consisting 
of six-sided cells, exhibits cylindrical depressions placed at regu- 
lar distances, from which simple elongated cells, “ hairs,” arise. 

A portion of the elytrum was exhausted successively with 
water, alcohol and zther, and lastly with a tolerably concentrated 
solution of potash with heat, until it appeared colourless and 
transparent; during the last operation a little ammonia was 
evolved, evidently from a small portion of the muscles of the 
wings remaining. I examined it microscopically ; the epithe- 
lium, hairs and their cylindrical depressions were unaltered, the 
brown resinous substance had disappeared ; several layers of 
sharply defined muscular fibres were perceived superimposed in 
such a manner, that a layer of transverse fibres was placed over 
each layer of longitudinal ones, and so on, so that the whole, 
with the hair-cells which remained unaltered in the uppermost 
layers, presented the appearance of a regular and elegant trellis- 
work. H. Meyer * has fully described this structure in Lucanus 
cervus ; his illustration applies to Melolontha and the elytra of 
most of the beetles, so that I consider further description of their 
form (which is very uninteresting without the history of develop- 
ment) as superfluous. 

The brown colouring matter with which the fibrous layers are 
impregnated and by which they are united, is precipitable from 


* Miiller’s drehiv, 1842, p. 12-16. 
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its alkaline solution by acids, is insoluble in water, alcohol and 
ether, amorphous, and of a resinous aspect ; it requires separate 
examination, which would be especially interesting in regard to 
the possibility of its metamorphosis into the other colouring 
matters of beetles. As regards the true chitine, 7.e. the colour- 
less transparent residue of the elytra which is insoluble in water, 
alcohol, zther and potash, the sharp outline of its histological 
elements, and especially the perfect preservation of the hair-cells, 
which can easily be confirmed by admeasurement, are in favour 
of this substance being a compound of carbon, hydrogen, ni- 
trogen and oxygen. ‘This chitine is soluble without change of 
colour in concentrated muriatic or nitric acid, and may be kept 
boiling for some days in the strongest solution of potash without 
undergoing any change. When heated with water to 536° F. in 
hermetically sealed metallic tubes, it becomes brown and brittle ; 
the water, however, does not contain a trace in solution, and 
the minute structure when magnified appears unchanged. Strong 
solution of potash with increase of the heat to 410° F. in strong 
glass tubes yields the same result ; water at lower temperatures of 
course exerts as little action. When immersed in concentrated 
sulphuric acid it swells and dissolves without any change of co- 
lour; the solution gradually becomes coloured, and in twenty-four 
hours we obtain a fluid which is coloured black by a slight but 
extremely fine powder in a state of suspension, is of a pungent 
odour, and ammonia can be detected in it by excess of potash or 
chloride of platinum, whilst the fluid obtained on distillation, 
when treated with sulphuric acid and alcohol, evolves acetic 
ether ; peroxide of mercury is dissolved in it without reduction 
forming a persalt of mercury, and it has the odour of acetic 
acid ; in fact, it contains a considerable quantity of this acid. It 
does not, however, evolve any sulphurous acid; neither does it 
contain any formic acid, as is evident from its action upon peroxide 
of mercury; nor could the formation of the latter be detected 
even after exposure to the air for fourteen days. Submitted to 
destructive distillation, water, acetic acid and acetate of ammonia 
pass over, and lastly an empyreumatic oil, but in comparatively 
small quantity ; the remaining cinder so accurately preserves the 
form of the elytra, that we can obtain the entire beetles reduced 
to a cinder either in the walking, running or flying attitude, and 
without the least structural alteration, by drying and properly 
laying out the colourless and transparent chitine skeletons ob- 
VOL, V. PART XVII. c 
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tained by means of potash. The peculiarity of the products of 
distillation caused Odier to overlook the nitrogen present; as 
this was evolved as acetate of ammonia mixed with free acetic 
acid, no alteration in the colour of the red litmus paper could 
occur. 

However, it is easily seen that this substance is principally 
shown to be peculiar by negative characters; the cortical sub- 
stance of the hair, skin, nails and epidermic scales of the Verte- 
brata are soluble with difficulty in potash, and its peculiarity 
could only be considered as proved when all the analyses of the 
substance obtained from different organs and animals agreed. 
I therefore subjected the entire tegument of the Cockchafer, 
after removing the intestinal tract, as also the tegument and 
elytra of Ateuchus sacer, to the same treatment; by this means 
we should moreover ascertain whether the winged inhabitants of 
Algiers produce the same chemical substance, notwithstanding 
the difference in food and climate. The following are the ana- 
lytical results :— 


a. Melolontha. Elytra alone. 


Determination of the Ash. 
0°206 of the substance gave 0°001 ash = 0°5 per cent. 
Nitrogen. 
I. 0°317 substance gave 0°318 ammonio-chloride of platinum 
= 6°33 per cent. nitrogen. 4 
II. 0403 substance gave 0:429 ammonio-chloride of platinum 
= 6°72 per cent. nitrogen. 
Combustion. . 


0°292 substance gave 0°4975 carbonic acid and 0°175 water, 
Carbon. . 46°69. 


hence per cent. Hydrogen 6°69. 


6. Melolontha. Elytra, wings and cutaneous tegument. 


Determination of the Ash. 
0°271 substance gave 0:0018 ash = 0°664 per cent. 


Nitrogen. 
I. 0:366 substance gave 0°3685 ammonio-chloride of platinum 
= 6°36 per cent. nitrogen. 


II. 0°418 substance gave 0°4285 Rcimachiczeliltide of plati- 
num, = 6°48 per cent. nitrogen, 
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Combustion. 


a. 0°7165 substance gave 1°220 carbonic acid and 0°425 water, 


hence per cent Carbon ; . 46°70: 
P “Hydrogen 6°54. 


5. 0°583 substance gave 0°9905 carbonic acid and 0°341 water, 


Carbon .. 46°80. 


hence per cent. Hydrogen 6°63. 


c. Ateuchus sacer. Tegument and wings. 


Determination of the Ash. 
0:068 substance gave 0:000 ash. 
Nitrogen. 


0°237 substance gave 0°248 ammonio-chloride of platinum 
= 6°57 percent. nitrogen, or at one view :— 


Melolontha vulgaris. Ateuchus sacer. 
Wings alone. Entire tegument. Entire tegument. 
1. a. 2. 1.a. 2. b. 
Carbon .. . 46°69 neue 46°70 46°80 
Hydrogen. 6°69 6°72 6°54 6°63 
Nitrogen . 6°33 mee 6°36 6°48 6°57 


Lastly, the absence of sulphur and phosphorus was proved by 
heating it to redness with a mixture of burnt marble and _nitre 
e the manner proposed by Wohler *. 

‘The agreement is perfect, and we have every reason to regard 

is substance as distinct. As confirmatory experiments in the 
examination of other members of this family, the most striking 
reactions, viz. the insolubility i in potash, the action of heat and 
concentrated acids may now suffice. In this manner I examined 
the following. — 


Order Species. 

ELevuTHERATA. Carabus (hortensis, auratus, &c.), Calosoma 
*  (Sycophanta), Cicindela (campestris), Meloé 

; . (proscarabeus). _ 
Uronata .... Forficula (auricularia), Gryllus (campestris), 
Locusta (viridissima), Gryllotalpa (vulgaris). 
Synistata ... Ephemera (vulgata), Libellula (depressa), and 

‘ many species of Phryganea. 

|. PIBZATA..... Vespa(Crabro), Apis (mellifica), Formica(rufa). 


* Liebig’s Annal. vol. li. p. 157, in his investigation of the Quinone series. 
c 2 
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Ruyncnotra .. Aphis (rose), Nepa (cinerea), Hydrometra 
(paludum). 

ANTLIATA ... Simulia (reptans), Musca (domestica and vo- 
mitoria), Sargus (cuprarius). 

Guossata ... Tinea (pallionella), Hybernia (brumata), Bom- 
byx (pini), Cossus (ligniperda), Sphinx (li- 
gustri), and some others. 

In addition to these, many larve and pupz, partly from those 
genera and species enumerated above, partly from others, the 
systematic names of which I did not note at the time and have 
now forgotten. In all, the minute structure presents great ana- 
logy in the elegant grouping of the layers of longitudinal and 
transverse fibres which has been mentioned. On treating them 
with potash, we find the most amusing metamorphoses ; the most 
splendid Vanessa Antiopa, Sphinx or Papilio becomes as colour- 
less and transparent as the commonest bee; the Swallow-tailed 
butterfly (P. Machaon) with its most elegant play of colours cannot 
be distinguished from the common moth. On directing our at- 
tention to the Crustacea we obtain the same remarkable result. 
If we extract the lime-salts from the thoracic shield of the Craw- 
fish with dilute acid and macerate it for a couple of days in hot 
solution of potash, we obtain a colourless skeleton of chitine, in 
which, with the aid of the microscope, numerous interwoven 
layers of longitudinal and transverse fibres may be distinguished. 
In this case, the lime-salts appear to occupy the place of the 
resinous colouring matter of the beetles, as a uniting medium. 
The number cf these tibrous layers increases with the age and 
thickness of the shield, and hence is very considerable in the 
Lobster. The shield of the craw-fish, lobster and a Squilla 
(mantis) was prepared in considerable quantity in the various 
ways above mentioned ; the basic substance in all, as the follow- 
ing data will show, is perfectly identical :— 


a. Astacus fluviatilis. Tegument. 


Determination of the Ash. 
0'247 substance gave 0005 ash = 2°0 per cent. 


Nitrogen. 
I. 0-412 substance gave 0°424 ammonio-chloride of platinum 
= 6°59 per cent. nitrogen. 
II. 0°360 substance gave 0'357 ammonio-chloride of platinum 
= 6°35 per cent. nitrogen. 
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Combustion. 


a. 0°391 substance gave 0°656 carbonic acid and 0°229 water, 


h t Carbon . . 46°74. 
nee utes “Hydrogen 6°64. 


, b. Astacus marinus. Claws. 


Determination of the Ash. 
0°4705 substance gave 0°008 ash = 1°7 per cent. 


Nitrogen. 


0:468 substance gave 0°479 ammonio-chloride of platinum 
= 6°54 per cent. nitrogen. 


Combustion. 


a. 0°842 substance gave 1°409 carbonic acid and 0°479 water, 
Carbon .. . 46°48. 
Hydrogen . 6°43. 
b. 0°592 substance gave 0°994 carbonic acid and 0°342 water, 
Carbon . . . 46°64. 
Hydrogen. 6°53. 


hence per cent. 


hence per cent. 


c. Squilla mantis. Tegument, claws and pairs of feet. 


Determination of the Ash. 
0:2007 substance gave 0:0012 ash = 0°6 per cent. 


Nitrogen. 


0'320 substance gave 0°344 ammonio-chloride of platinum 
= 6°79 per cent. nitrogen. 


Combustion. 


0°3795 substance gave 0°643 carbonic acid and 0°230 water, 
Carbon .. . 46°54. 


hence per cent.4 tydrogen . 6°77. 


Or :— 
Astacus fluviatilis. Astacus marinus. Squilla mantis. 
1, a, Ze Iya. b. l. a. 
Carbon ...46°74  ... 46°48 46°64 46°54 
Hydrogen. 6°64 ... 6°43 6°53 6°77 
Nitrogen . 6°59 6°35 6°54 en 6°79 


The shield of these animals however still contains a certain 
quantity of lime-salts, viz. carbonate and phosphate of lime with 
a little phosphate of magnesia. The proportions by weight of 
the latter to one another, as also to the surrounding chitine- 
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tissue, are of physiological importance; it will not therefore be 
superfluous to state them. 

1°710 of the thoracic shield of the Craw-fish (dried at 248° F.), 
when heated to redness, yielded, after the deduction of the 
carbon left undissolved on exhaustion with dilute acid, 0°911 
fixed substances, 0°120 of which consisted of phosphate of lime 
with a little magnesia (precipitated by ammonia); 0°4615 of 
Squilla mantis gave 0°1715 fixed residue, containing 0°090 phos- 
phate of lime. 

3:023 of the claws of the Lobster gave 2°3295 fixed residue, 
containing 0°281 phosphate of lime ; thus we have— 


Craw-fish. Squilla. Lobster. 
Chitine .. 4... 4643 62°84 22°94 
Lime-salts .... 53°27. STA 77°06 

100 parts of ash consisted of— 
Craw-fish. Squilla. Lobster. 
Phosphate of lime. 13°17 47°52 12°06 
Carbonate of lime. 86°83 52°48 87°94 


We find here the interesting result, that the amount of earthy 
phosphates increases in proportion to the quantity of organized 
chitine-tissue ; this is confirmed by former analyses of the shell 
of the lobster, craw-fish and Cancer pagurus made by Mérat- 
Guillot*, Chevreul+ and Gobel t. 

This fibrous chitine-tissue is however the result of an active 
process of cell-formation during the change of the shell; the 
quantity of phosphate of lime also increases with the intensity of 
this process, for which the relative amounts of tissue formed 
yield the standard. Hence the phosphate of lime must be in 
intimate relation with the process of cell-formation. 

It is evident from the following observations, that the chitine- 
tissue really owes its origin to such a process. 

By carefully removing a portion of the thoracic or mandibular 
shell in layers down to the uppermost pigment layer of the mem- 
brane lying beneath it, I induced a new process of cell-formation. 
This soon took place; in eight hours, a thick, tenacious, trans- 
parent mass (cytoblastema) had already exuded; in it I found 


* Annales de Chimie, xxxiv. p. 71. 

+ Ann. Gen. des Sciences Phys. iv. p. 124; also Schweigger’s Journal, xxxii. 
p- 494. 

t Schweigger’s Journ. xxxix. p.441. They are all collected in Heusinger’s 
flistologie, ii. p. 258. 
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numerous globules (vesicles of fat) which were insoluble in pot- 
ash and acetic acid, as also other molecules (albuminates) so- 
luble in these media, but no other solid particles ; when incine- 
rated, it left a considerable quantity of phosphate of lime (by 
approximative determination 8 per cent.) with a little alkaline 
phosphate and carbonate of lime, which did not pre-exist as such. 
This phosphate of lime existed in it in a state of solution, for 
ammonia rendered the mass, placed under the microscope, very 
turbid. In fourteen to sixteen hours the soluble molecules 
(albuminate, perhaps also phosphate of lime) had accumulated 
around the fatty vesicles forming globular masses ; some of these 
globular masses were already surrounded by a membrane, others 
not; at the same time it contained numerous rhombohedric 
crystals (of carbonate of lime) which effervesced with acids. 
When treated with potash, the primary cells, as also their gra- 
nular contents (albuminates?), swelled considerably, became 
transparent and dissolved; in each the fat globule appeared as a 
nucleus; hence they were not yet composed of chitine, unless per- 
haps this, in its early and perfected condition, preserves relations 
similar to those of gum to cellular membrane, 7. e. is soluble. 
Lastly, in from twenty-four to thirty-six hours, several of these 
primary cells were found lying beneath the same elements ; they 
were spindle-shaped and elongated, still swelled in potash, but 
did not now dissolve; they appeared therefore to consist of chitine. 
I was not able to trace the process any further, as the animals 
died from want of attention, and it was too late in the year to 
procure others. 

‘We thus found a accion quantity of phosphate of lime 
in a state of solution in the cytoblastema, also some lime in or- 
ganic combination (probably with albumen as albuminate of 
lime). I shall return to the import of these facts in the consi- 
deration of the Mollusca. 

Finally, two other membranes, which run beneath the tegu- 
ment, belong to the cutaneous system of the Craw-fish; their 
basis consists of the same substance, viz. chitine. The external 
one covers the whole tegument internally, of which it forms the 
matrix, as the dura mater does the cranial bones. It is covered 
on both sides with a layer of dark roundish epithelial cells, con- 
taining a sharply-defined, dark, granulated nucleus; these con- 
sist of a proteine compound (are dissolved by potash). Its tex- 

‘ture is made up of numerous intimately interwoven longitudinal 
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and transverse fibres, of about the thickness of the cellular tissue 
of the conjunctiva; these are composed of chitine. In the upper 
epithelial layer, which is towards the tegument, we find the blue 
and red Jeannie: in the form of small angular granules (crystals?) 
gu5 [04/5 Of a line in diameter; the former in the cell-nuclei 
(Kolhiker’s primary cells), the latter in peculiar branched cells, 
resembling those of the lamina fusca of the sclerotica. This 
uppermost epithelial layer appears to have the function of sepa- 
rating the phosphate of lime and the lime-salts (albuminate of 
lime) generally from the blood ; for 0°214 of the mucous mem- 
brane, after having been carefully separated and dried at 248° F., 
left 0°025 ash, in which there was 0:019 phosphate of lime, i. e. 
in 100 parts,— 
Organic wanther Sic 50e ferme (&) diecuekee Ge 


Phosphate of lime . . . o etter 9889 
Carbonate of lime with a little phosphate of 
soda: cuties, 2d. 4< or (te) eons) eee 


This separation evidently oceurred i in consequence of the process 
of cell-formation which was going on during the regeneration of 
the shells (it was the middle of September). 

I was unable to ascertain anything further regarding the phy- 
siological import of the innermost transparent membrane, which 
is covered with peculiar hairs, and much resembling the in- 
nermost intestinal wall which we have mentioned above (Heu- 
singer’s respiratory membrane *) ; the hairs and the membrane 
consist of chitine. The former, as on the inner lining of the 
intestine, appear to be merely simple secondary cells which have 
grown perpendicularly between the others, which have extended 
themselves and disappeared in the direction of the surface. The 
dark basis is perfectly homogeneous, sharply defined compared 
with the colourless contents of the hair- (cells ?), and it appears 
to me that it ought to be considered as a primary cell (nucleus) ; 
the cylindrical marks on the membrane, from which the hair- 
cells arise, are depressions, into which the former are inserted 
like the hairs of plants in their epidermis. The same applies to 
the so-called hairs of insects and also of 

Spiders.—These, forming the last family of the Articulata, re- 
mained yet to be examined. I could not obtain sufficient sub- 
stance for elementary analysis; our native representatives are 
too small and too difficult to render anatomically pure in suffi- 


* System der Histologie, ii, p. 254. 
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cient quantity. The cutaneous system, however, of all those 
species which were examined (Phalangium parietinum, Attus 
scenicus, Epeira diadema and Tegenaria domestica) gave the re- 
actions of chitine. In Epeira, the fibrous layers are very distinctly 
seen even before they have been treated with potash: the sepa- 
rate fibres here form-elegant undulating lines, which are coiled 
around cylindrical depressions in the upper layer (these are for 
the reception of the long hairs). The entire aspect, as also the 
hairs, remain unaltered after treatment with potash, the pigment 
disseminated between them being dissolved. 

We have, then, in the remarkable agreement of form and 
composition, another common link in the characteristics of the 
Articulata. A comparative histo-genesis would also be of great 
interest; but with reference to this, very little has been done: 
older works, which are still classical in another point of view, 
give us no assistance here*. 

Now in what relation does this chitine, a substance which, as 
we have seen, is widely diffused through the animal kingdom, 
stand to the other important constituents of the animal or vege- 
table organism, to albuminates, the so-called hydrates of carbon, 
&c.? The solution of this question is of great interest. We 
find it, as we have seen, only in the Articulata, those three families 
of the animal kingdom, which, being inclosed in a more or less 
solid tegument, are compelled to overcome this obstruction to 
their internal growth by periodically casting off their armour. 
In many, and these are the largest (Crustacea), the annual for- 
mation of the tegument is well known: an enormous quantity of 
formative material must be generated in a short time for the re- 
production of these cast-off envelopes. This material, as we have 
‘seen, is chitine, a substance which cannot be generally proved to 
exist under a similar arrangement of its elements in the animal 
or vegetable cell, and yet these chitinophores form their mantle 
from both animal and vegetable food. 

If, for comparison, we admit man to form “the standard 
and measure of creation,” we here apparently find for a short 
period an enormous distinct production of matter—I allude to 
that of the milk during the earlier periods after child-birth. But, 
as I have stated, this is only apparent ; it is in reality a mere 
alteration in position and form which strikes us, which the former 


* As Rathke’s History of the Development of the Craw-fish, Treviranus’s 
treatise on Spiders, &c. 
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disturbance of equilibrium in the female organism produces, and 
the result of which we designate “milk-fever.” The sugar is taken 
up in a similar arrangement of its elements; the fat and albu- 
minates of the blood, which a short time before flowed to the 
uterine vessels, now pass to the mammary glands ; thus no com- 
parison can be admitted. 

But chitine contains exactly the elements of carbon, water and 
ammonia, or, what is the same, acetic acid, sugar, gum, starch 
or woody fibre, and ammonia,—in our experiments with the 
test-tubes of the chemist it is resolved into these elements; we 
might in fact be induced to attribute to the simple organism of 
an articulate animal the capability of forming its tegument from 
woody-fibre and ammonia, did not the above-mentioned obser- 
vations on the new formative process oppose such a view. We 
may regard the formula C,, H,, N O,, as the most simple expres- 
sion of the analysis, which corresponds with sufficient accuracy 
to the results obtained. 


Calculation Experiment. Number of 
As C,,H,,NO,,;. Maximum. Minimum. Mean. experiments. 


Carbon . 46°83 46°80 46°48 rs 4 
Hydrogen 6°42 6°77 6°43 6.60 


Nitrogen. 6°42 6°79 6°33 6°53 9 
The formula contains the elements of— 
Carbon . . C,, 
Wratersy H;, Oj, 
Ammonia. . Hy N 


C,, HNO, 
from which the equations representing the decomposition by a 
high temperature and concentrated acids are self-evident. If we 
compare the empirical formula, 7. e. the simplest expression of | 
the former analyses of muscle in equivalents = C, H, N O,: 


Calculation 
As C, H, N O3. Mean of experiments. 


wCarnon. .  t e De ee 52°24 
Hydrogen . . 6°52 fol Wy) 
Nifroven. 2. 15<2il 15°30 


with the value of chitine as found in the same manner, we have— 
Jf Chitine C,, H,,N O,, 
LMuscle C, H, N O, 

CAD se OA 


Craw-fish 
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and we thus arrive at the interesting result, that the substance of the 
tegument of an articulate animal contains the elements of its primi- 
tive muscular bundle, plus one of the so-called hydrates of carbon, 
i. e. sugar, gum, woody-fibre, &c., and thus that we can very well 
explain the formation of this substance in such enormous quantity 
and so comparatively short a time by the coalition of muscle, i. e. 
blood or proteine, and woody-fibre, into this peculiar combina- 
tion. Would not the Craw-fish, if its tegument were reproduced 
merely from the albuminates of its organism, perish from loss of 
substance on changing its shell? Do we not see here a wise 
ceconomy of nature, in causing a large part of the cytoblastema to 
be formed of calcareous salts, two-thirds of the remainder by 
hydrates of carbon (Algz, Confervee, &c.) which are at hand, and 
the latter third only by the fluid mass of the animal? We do 
not find the stomach and intestinal canal of these animals, at or 
soon after the period of the casting of the tegument, filled with 
stems of Charze, pieces of Confervze, &c. without areason! Those 
which consume vegetable substances (as the Cockchafers, so many 
thousands of which we frequently find living on the leaves of one 
tree, that we cannot resist the idea of the principal constituents 
of the vegetable cell, gum and woody-fibre being assimilated by 
them) therefore produce their cutaneous system from woody- 
fibre and vegetable albumen; whilst on the other hand, those 
which feed upon animal matters mostly devour the weaker 
members of their families, and from them obtain the requisite 
chitine, already prepared and formed. May we not have here 
the same relation as in the higher Vertebrata? Does not the 
total effect appear here also to be diminished by the withdrawal 
of a certain amount of power for the production of the formative 
material, so that as regards the faculty of perception and volition 
we are obliged to yield to the Carnivora a position above the 
Phyllophaga? 

Of course these views will remain hypothetical, although highly 
probable, until they have been proved to be correct by direct 
observation. Now this proof may be obtained with sufficient 
accuracy in two ways :— 

1. By tracing the history of development in a chemical point 
of view, for instance, of the Lobster. This method would not be 
very difficult; for according to Rathke’s observations on the 
Craw-fish*, its cutaneous skeleton is not formed until the latter 


* Loe. cit. pp. 44, 55, 63. 
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stages ; and in these the embryo of the lobster must be of suffi- 
cient size to allow of our tracing the transition stages by ele- 
mentary analysis. 

2. By the accurate study of the relations accompanying the 
annual formation of the skin, likewise in those species which can 
be obtained of the largest size, and in quantity, where the em- 
bryonic process of formation of the tegument must be repeated, 
at least in its essential features. I must leave this for future 
accomplishment ; it requires long residence at the sea-side, which 
I have been unable to obtain during the course of the last summer. 


2. Mollusca. 


In the general part I stated that the cutaneous system of these 
animals was purely animal. This position is based upon the 
following observations: the shells of Unio and Anodonta consist 
of superimposed layers of calcareous salts (carbonate of lime) and 
albuminates. The latter are brought into view by the action of 
acid solvents; they then remain behind as white structureless 
lamelle. The lime probably exists in the shell in the form of 
acute rhombohedra, which are arranged in rows* ; at least, when 
treated with acetic acid before undergoing solution, it is resolved 
into fibres, in which I thought I could distinguish the separate 
elements composing it. The iridescence of the shells, a phzeno- 
menon resulting from interference, is effected by the delicate inter- 
stices of these fibres. These calcareous shells are a product of se- 
cretion from the mantle; they are externally covered by a mem- 
brane resembling horn, which thickens into a ligament at the 
hinge : this, in minute structure and chemical properties, exhibits 
the reactions of a duplicature of the mantle. Thus, its external 
layer consists of an epithelium composed of five or six-sided cells, 
containing nuclei and filled with a bluish-green or brown pigment, 
and between which we find one or more layers of fibres resem- 
bling those of cellular tissue. It is impossible to free it com- 
pletely from the finely-divided silicates which adhere to it, and 
the presence of which does not at all interfere with the determi- 
nation of the amount of nitrogen. 

0°213 of this duplicature of the mantle removed by the forceps 
(and dried at 248° ¥.) gave 0°037 ash =17°4 per cent. 

0°369 gave 0°739 ammonio-chloride of platinum =15:22 per 


* For a description of the beauty of these crystals in Z'eredo gigantea, see 
Home, Philosophical Transactions, 1806, p. 276. 
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cent. of nitrogen. Of the structureless membrane which re- 
mained after treatment with acids,— 

0°165 dried at 248° F. gave 0°0195 ash =11°82 per cent. (the 
above-mentioned silicates). 

0°261 substance gave 0°554 ammonio-chloride of platinum 
=15'11 per cent. of nitrogen. 

Thus both essentially belong to the same class of substances 
(muscle, cellular tissue). The same applies to the naked Mol- 
lusca; for 0°311 of the folds of the mantle of Limaz, purified by 
exhaustion with water, alcohol and zther, and dried at 248° F., 
left 0°014 ash, for the most part consisting of phosphate of lime 
=4°5 per cent. 

0°367 of the same gave 0°837 ammonio-chloride of platinum 
= 15-00 per cent. of nitrogen. : 

Nothing can be done with the Mollusca which live in water 
(Limneus, Planorbis and Paludina), as they are covered with a 
complete fauna and flora of microscopic forms (Bacillarie and 
Conferve). On the other hand, in Helix (pomatia, nemoralis 
and hortensis) we find the inner layer of the calcareous shell 
composed of a transparent structureless membrane, upon which 
in the embryo the earliest calcareous layers are formed: it may 
be easily isolated by extracting the carbonate of lime with dilute 
acids. 

0°203 of it (in Helix nemoralis) dried at 248° gave 0°0032 ash 
=1°58 per cent. 

0°289 of the same (Helix nemoralis) dried at 248° gave 0°692 
ammonio- chloride of platinum =15:27 per cent. nitrogen. 

The wide difference between the cutaneous system of these 
families and those of the Articulata is evident. We shall stop 
a moment at the calcareous shells, and examine the proportion 
of the carbonate to the phosphate of lime. 

3°486 of the shells of Anodonta, dried at 248° F., when heated 
to redness, left, on deducting the carbon remaining after the 
solution of the inorganic matter, 3°434 incombustible residue, 
which contained 0:019 phosphate of lime. 

1831 of the shells of Helix (nemoralis) left 1-760 incombus- 
tible residue, containing 0°0165 earthy phosphates (lime with a 
trace of magnesia). Hence— 

Anodonta. Helix. 
Structureless membrane. . 1°49 3°88 
Incombustible residue . . 98°51 96°12 
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In 100 parts of the incombustible residue— 
Anodonta. Helix. 
Carbonate of lime. . . . 99°45 99°06 


Phosphate of lime. . . . 0°55 0°94 

We have here scarcely any process of cell-formation, mere 
amorphous, hardened mucous masses (albuminates) separated by 
calcareous layers, and scarcely any phosphate of lime ; the coin- 
cidence is so striking that we cannot avoid regarding it as a con- 
firmation of the view of the physiological import of this salt 
proposed above. I believe, as already stated, that a definite 
combination of albumen with phosphate of lime, or rather, that 
an albuminous solution saturated with a certain portion of the 
latter, possesses the power of condensing into comparatively solid 
membranes around heterogeneous bodies when brought into 
contact with them, i. e. of forming the wall of primary cells. 
However, I have not yet succeeded experimentally in ascertaining 
the “why” and “ wherefore ” with sufficient accuracy. Before 
we leave the Mollusca, I shall say a few words on the physiolo- 
gical import of the folds of the mantle in Anodonta and Unio, 
which is very interesting. 

This mantle consists of an intermediate scanty layer of fibrous 
tissue, resembling cellular tissue, which is covered internally by 
ciliated epithelium, but next the shell by the so-called glandular 
epithelium, 7. e. epithelial cells containing nuclei, and resembling 
tue cells of the liver. Now whilst the former has constantly to 
supply the gills with fresh water, the function of the latter is 
evidently that of decomposing the blood, of secreting a compound 
of albumen with lime next the shell, which is decomposable even 
by the carbonic acid of the air or of the water, but of retaining 
the phosphate of lime and returning it to the organs which re- 
quire it for the process of cell-formation (testicle and ovary). 
This view appears to me to be supported by the following facts :— 

0°7745 of the folds of the mantle of Unio, after careful sepa- 
ration, when dried at 248° F. left 0:136 of ash, containing 0°115 
phosphate of lime. 

0°610 of the same from Anodonta gave 0°112 ash, containing 
0091 phosphate of lime. 

Hence, in 100 parts of the folds of the mantle,— 
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Unio. Anodonta. 
Phosphate of lime. . . . 14°85 14°91 
Carbonate of lime, phosphate ef iidest 
chloride of sodium and sulphate of lime 2°71 3°45 
In all. . 17°56 18°36 


per cent. of incombustible residue. 

We thus see that the amount of phosphate of lime is constantly 
so enormous, that it cannot be considered as accidental. 

On the other hand, the amorphous mucus which is found be- 
tween the shell and the mantle, and which is mixed with but few 
epithelial cells, when incinerated left the greater partas a colour- 
less ash, (the characteristic odour of burning albuminates being 
evolved at the same time,) which was soluble in acids with con- 
siderable effervescence, and consisted almost entirely of carbonate 
of lime. The smallest quantity only of this pre-existed in the 
mucus, inasmuch as acids caused but slight evolution of gas in 
the latter, whilst oxalic acid instantly produced a dense white 
precipitate, consisting of oxalate of lime and albumen. Hence 
the lime was contained in it, in the form of a readily decomposed 
compound with albumen, as a soluble, perhaps basic, albuminate 
of lime. 

If we add these two secretions together, we ought again to 
obtain their sum, and thus the confirmation of our view, in the | 
blood of these animals. 

7°560 of the blood from the heart and auricles of about forty 
Anodonte (obtained by puncture just before the systole), when 
stirred with a glass rod, formed a small colourless clot, which, 
when dried, weighed 0:0025. After the removal of these, the 
whole was dried in a water-bath finally at 248° F. and weighed 
0°061. On incineration, this left 0°0302 of white ash, 0°0025 of 
which was soluble in water : the residue, which dissolved in acetic 
acid with considerable effervescence, yielded 00026 of phosphate 
of lime. 

I must remark, that the blood when freshly drawn from the 
heart was perfectly clear and colourless, but did not effervesce 
with acids, consequently contained no carbonates, although it 
had a slightly alkaline reaction: the part soluble in water con- 
tained sulphate of lime, phosphate of soda and chloride of sodium. 

In another portion, which I accidentally set aside over night 
between watch-glasses, I found the next morning the whole sur- 
face covered with a thin crystalline film. The crystals under 
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the microscope exhibited the most beautiful regular forms, 
although it was difficult to determine to which system they be- 
longed; they dissolved in acids with considerable evolution of 
carbonic acid, and Prof. Wohler drew my attention to their great | 
resemblance to the crystalline form of Gay-Lussite. In fact, 
judging from the reaction with perchloric acid, they appeared to 
contain soda, together with excess of lime, but it was certainly 
neither the first nor second rhombohedron of calcareous spar. 

The first-mentioned coagulum reacted towards alkalies, by 
which it was dissolved, and towards nitric acid, which coloured 
it yellow, as an albuminate. The same applies to the organic 
matter of the dried residue, which, by forming pellicles on eva- 
poration, and becoming but slightly turbid when first heated, 
appears to be related to caseine. 

If we sum up what has been stated, it is evident that this blood 
contained essentially a compound of albumen with lime—which 
is decomposed even by the carbonic acid of the air, of the water, 
or of that produced by the chemico-vital reactions—together 
with phosphate of lime and soda, which amounted by weight in 
1000 parts to— 


Water’: ns) s- Seer oo1G 
BIDTING:: «iar yl ieee a 0°33 
, Alpumen) %2,"1< | rales 5°63 |_in a peculiar state 
with é er 
ETS. yeh ee te 1°89 of combination. 
Phosphate of soda, sul- 
phate of lime and chlo- 0°33 
ride of sodium . 


Phosphate of lime . . 0°34 

This peculiar albuminate of lime, which for greater clearness 
of consideration we shall call neutral, is thus decomposed by the 
above-mentioned epithelial cells into free albumen and basic 
albuminate of lime: the latter is secreted as an amorphous mass 
next the shell, as such, in an almost unorganized condition, obey- 
ing the laws of crystallization, to contribute to its increase in 
thickness; the former (the free albumen) returns with the phos- 
phate of lime into the circulation, to serve purely animal func- 
tions; either the process of cell-formation of the primitive ova 
in the ovaries, or of the maternal cells of the seminal animalcules 
in the glandular system of the testicle. 

We have yet to investigate the Zoophytes; but we shall first 
glance at the two transition forms of the Cirripeds and Ascidia, 
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which are extremely interesting in this point of view; the former 
as being intermediate between the Mollusca and the Crustacea, 
the latter as forming the transition of the former to the Zoophytes. 


3. Cirripeds. 


I have examined Lepas (levis). The stalk and extremities 
(cirri), when treated with potash in the manner so frequently men- 
tioned, become colourless and transparent; so do the branched, 
jointed and simple hair-cells: they prove to be tubes of chitine, 
serving for the protection and support of the numerous muscles 

governing their segments, which latter are arranged in a sheath- 

' like form, and in which the former play. The inner surface of this 
chitine-tube is covered with a layer of pigment cells, resembling 
those of the choroid coat, and such as also covers the concave 
surfaces of the articulated calcareous shells lying next the body, 
which, corresponding to the analogous coverings of the bivalves, 
nevertheless appear to be joined together by chitine ligaments, 
z.e. Crustacean ligaments. The analogy of these articulated cal- 
careous shells with those of the Conchifera is evident from the 
following analyses :— 

1-766 dried at 248° F. after being heated to redness, and de- 
ducting the amount of carbon left on solution, gave 1°7115 in- 
combustible residue, containing 0012 phosphate of lime. 

Hence the shells contained per cent.— 

Albuminates: cos o4.4>,:,.3°09 
Incombustible residue . 96°81 
and 100 parts of the latter contained— 
Carbonate of lime. . . 99:30 
Phosphate of lime. . . 0°70 

The above-mentioned albuminate remained in the form of 
structureless white films after treatment with dilute acids, just 
as in Unio; but the calcareous shells of Lepas are not furnished 
with the horny investment on the outer surface of the Anodonte 
(hardened duplicature of the mantle), but at this period are un- 
attached to the last-formed calcareous layer (or rather the earliest 
formed calcareous lamellz). 

Thus, even in a purely chemical point of view, the Cirripeds 
retain their position in the animal kingdom. 


4. Ascidia. 


These animal forms, which in regard to the history of their 
development have been too little investigated, present us with 
VOL. V. PART XVII. D 
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extremely interesting phenomena, I examined Ascidia (Cynthia) 
mammillaris*, The thick fleshy sac, in which the gill and in- 
testinal tubes, as also the liver and ovary are fixed, consist of a 
conglomerate of large unnucleated cells, strikingly like the pa- 
renchyma of the Cacti or many fruits. On its inner surface 
numerous vascular ramifications are spread ; these communicate 
with the gills. If this entire external sac is treated with water, 
alcohol, zther, dilute acids and alkalies, in succession, the walls 
and contents of the vessels are dissolved, and the transparent 
colourless tissue of the above large globular cells is left, without 
its minute structure baving undergone the least change. It is 
not altered by nitric, muriatic, or acetic acids, nor the most con- 
centrated solution of potash; in fact, an excellent method of 
obtaining it clear and transparent is ebullition for several hours 
with nitric acid. However, in concentrated sulphuric or fuming 
nitric acid it slowly deliquesces into colourless fluids, the nature 
of which I was unable to examine for want of a sufficient quan- 
tity. The amount of water contained in this capsule is so great, 
that 3°3175 of it left only 0°0355 =1°07 per cent. of solid residue ; 
so that the mantle of one entire animal of the size of half the 
fist, and 2 lines in thickness, when dried weighed barely 0°5 grm. 
The substance of this remarkable tissue, which was obtained 
chemically and anatomically pure in the manner mentioned 
first, is free from nitrogen, as 1 assured myself in two experi- 
ments upon 07105 and 0:2065 heated with soda-lime ; when 
heated in a glass tube it carbonizes, perfectly retaining its form, 
and evolving the peculiar odour of carbonizing cellular tissue of 
plants, and in the air it burns away readily and completely on 
account of its fine state of division, When heated in glass tubes 
to 392° F. it remains unaltéred; lastly, when burnt in the small 
platinum vessel in a current of oxygen, as above, it yielded as 
follows :— 

0:2168 of substance gave 0°357 carbonic acid and 0125 water, 
leaving 0°002 of ash (sulphate of lime in the platinum vessel). 

Hence 100 parts of the tissue, free from ash, contains— 

Carbon . . 45:38 
Hydrogen . 6°47 

i. e. the composition of the cellular membrane of plantst. 

* With his well-known liberality Prof. Wagner gave two specimens from his 
private collection (from Genoa and Marseilles) for this examination. 


+ This remarkable fact has since been fully confirmed by MM. Léwig andi} 
Kolliker.—Ep, 
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We here find, in regard to the minute structure, a remarkable 
agreement between the form and elementary constitution of the 
material substratum, and an infinitely more remarkable fact for 
general comparative physiology, and especially for these animal 
forms. For these organisms, the whole life of which can scarcely 
be considered as more than a mere vegetation, a constant process 
of assimilation, and the whole nervous system of which is re- 
duced to its simplest elements, a single ganglion (sympathetic ?) 
with a pair of primitive fibrous bundles running from it, are 
placed in a vegetable envelope. According to the observations 
of Milne-Edwards*, the Ascidia in their young state swim about 
unattached, and do not become fixed until a certain period of 
their existence. We might imagine that in this case a luxurious 
condition of simple cellular tissue, which we might call an Alga, 
or something of that kind, surrounded the animal in the form of 
a pouch, and thus formed with it a zoophyte in the true sense of 
the word, did we not find in this sac, on the one hand, the per- 
fect branched vascular system,—thus organic connexion with the 
purely animal organic systems of the animal ;—and did not, on 
the other hand, the observations of Sarsft and Milne-Edwards f, 
on the development of the compound Ascidia (Botryllus, Polycli- 
num, &c.), oppose this view; for in them the earliest formation 
of this sac appears during the process of bifurcation in the form 
of a transparent, colourless, gelatinous layer, between the enve- 
lope of the ovum (chorion?) and the yolk. 

Chemistry has here done all that it can; further explanation 
must be obtained from morphology. A new fundamental study 
of the development of this animal, with especial regard to the 
histogeny of its envelopes, must solve the enigma, and under the 
present circumstances would prove of the greatest interest. 

We shall conclude this investigation with a consideration of— 


5. The Zoophytes, 


in one of their simplest representatives, which has been before 
mentioned, Frustulia salina, Ehrbg§. Its discoverer first found 
it in quantity in the Koénigsborner saline spring. As is well 
known, Wohler|| two years ago made the observation which is of 


* Observations sur les Ascidies composées des cétes de la Manche. Paris, 1841. 
Condensed by Von Siebold in the Annual Report of Muller’s Archives, 1842, 
p- clxxx. T ‘Froriep’ s Notizen, iii. 1837, p. 100. 

t Loc. cit. § Loe. cit. p. 232. 

|| Wohler and Liebig's :Annalen, 1843, p. 206, 
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such importance in general physiology, of the evolution of oxygen 
as the final result of an inverted vital-reaction (Stoffwechsel) or 
respiratory process of these organisms. He had the kindness to 
draw my attention to the phenomenon itself, as also to the ex- 
cellent material for minute examination, and pointed out to me 
the locality and the very spot (in the Rodenberg saline spring) ; 
the undertaking and happy issue of this investigation are owing 
indeed to his friendly advice and assistance. I arrived at the 
saline spring at three o’clock one afternoon in the end of Sep- 
tember. A whitish mucous mass covered the bottom of the brine 
reservoirs, between the layers of which bubbles of gas 1” to 3! long 
and 2" to 2" broad were inclosed. Stirring with a stick caused 
an enormous evolution of gas. A glowing chip of wood was set 
in a flame three times in succession when inserted into an ale- 
glass which had been filled a few seconds previously. Observation 
made with a good Oberhauser’s microscope upon the spot, showed 
that no trace of Conferve or other forms than the Frustulia, 
could be detected in the fresh mucous masses which were up- 
permost, especially in those which were filled with this air loaded 
with oxygen. 

The central, round, eye-like masses, which Ehrenberg pointed 
out to be male seminal glands, as also the narrow ones lying on 
the lateral walls of the siliceous carapace towards its apex, and 
which this philosopher considers as ovaries, were yellowish-brown. 
Microscopic reactions, as also the combustion-tube, appear to 
confirm the correctness of this view; these masses, as men- 
tioned at p. 11, consist of fat. It was noticed at the same time, 
that potash appeared to dissolve the other contents of the sili- 
ceous carapace. The residue, after treatment with ether and 
dilute solution of potash, was considerable. It was proved (0°415 
being heated to redness with soda-lime) to be free from nitrogen ; 
the results of elementary analysis were 

0°6275 of the substance dried at 248° gave 0°527 carbonic acid 
and 0°186 water. 

0°6275 left 0:316 ash (silica) in the small platinum vessel. 
Hence in 100 parts of the substance free from ash there was— 

Carbon . 46°19 

Hydrogen 6°63. 
This result agrees perfectly with that obtained by Rochleder and 
Heldt as a mean of seven determinations for the cellular mem- 
brane of lichens: they found— 
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Carbon . 46°08 
Hydrogen 6°67. 
However, the slight excess of carbon and hydrogen may be 
ascribed to impurity arising from a portion of the fat, colouring 
matter, &c. being mixed with it. At all events this residue is 
identical with the membrane of the vegetable cell! 'The contents 
of the siliceous carapace, which were soluble in potash, behaved 
like proteine, judging from the reactions with potash, ammonia, 
acetic acid and nitric acid (formation of xantho-proteic acid); but 
their elementary constitution could not be determined with the 
necessary accuracy, inasmuch as the residue free from nitrogen 
is only relatively, not absolutely insoluble in potash ; a property 
which belongs also to Payen’s pure cellulose ; hence on neutral- 
izing the alkaline solution with acetic acid, a quantity of the 
latter is precipitated with silica and proteine. This mixture 
yielded from 8 to 12 per cent. of nitrogen, and 
Carkon is) Frese 48 49°7 
Hydrosents ts) 6) e202 66:7 6°9 

results which agree perfectly with my supposition. Hence, by 
determining the amount of ash and nitrogen, the relation of the 
siliceous carapace to the fat, proteine and cellulose may be ascer- 
tained with sufficient accuracy and elegance. The pure mucous 
masses (z.e. of course freed from the contents of the brine-ley by 
washing with pure water), dried at 248° before treatment with 
zether, gave as follows,— 

0°4235 substance yielded 0°191 ash, containing 0°1795 silica. 

0°0115 phosphate of lime with a little peroxide of iron = 45:1 
per cent. 

0°4375 of the substance gave 0°1665 of ammonio-chloride of 
platinum = 4°35 per cent. of nitrogen (after deducting the ash). 

The same mass, when dried at 248°, after treatment with 
gether, hence after the removal of the fat, yielded,— 

0°2045 substance, 0°1095 ash = 53°545 per cent. 

Proteine, fibrine, albumen and caseine contain on an average 
15°8 per cent. of nitrogen. Taking this as a base, we have in 
100 parts of the Frustulie,— 


BETCEOUS COTADACE Se es ws ATO 
at (ovary, testicle?) 656 ohunio iat yer dt77 
Proteine-substance (foot?) . . . . Nan a 
Vegetable cellular matter (mucous Beeoene) - 24°01 


I therefore believe that the position advanced at the end of the 
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General View, that “these Frustulie are beings having the 
substance and the organic re- and decomposing forces of plants 
with the locomotion of animals,” is satisfactorily proved. 

Are we, however, in the present state of our knowledge, justi- 
fied in accurately defining the above line_of limitation between 
animals and plants? Is it not high time to overthrow this 
Chinese structure, as an obsolete descendant of systematic 
scholasticism; and to consider that from man to the primary 
animal and vegetable cell, there exists no gap in the realization of 
a general idea upon which nature as a whole is based ? 

In what does the spore of Vaucheria clavata*, that simple cell 
with its vibrating cilia which moves about for hours together in 
water, differ from the young Medusa, the not less simple vesicle 
which cleaves the waters of the North Sea with its ciliated bulbs ? 
In what does the embryonic cell of the swimming Ascidia differ 
from both of these? Do not all three, with the utmost pro- 
bability, possess the same elementary form and composition ? 
The mantle of the Ascidia exhibits to us the substance and struc- 
ture of the plant; it must pre-exist essentially as such in the 
ovum, for in the earliest stages of development of the latter, in 
the earliest change of that indefinite chaos towards the future 
organism, we find it already separated as a protective formation 
to its contents (the bifurcation globules)+. It is highly pro- 
bable that the transparent mantle of the Medusze possesses the 
same elementary composition: hence the embryo of an Alga, as 
regards its material substratum (form and composition), is iden- 
tical with that of a Medusa or Ascidia; in the former, we have the 
highest stage of development of the plant; in the latter, the 
simplest form of the animal! Cannot we apply the idea, so 
important in its consequences, by which Steentrup{ not long 
since combined numerous observations, heretofore isolated and 
apparently paradoxical, into an harmonious whole, in the same 
manner to the simplest forms of the animal world? I mean, 
cannot we regard the Alga as the nurse of its more highly deve- 
loped embryo? The nurse of a Campanularia§ exhibits no trace 
of the phenomena which we necessarily connect with the idea 


* Dr. F. Unger, The Plant at the Moment of its Animalization. Vienna, 
1848 (in Letters to Endlicher). : 

+ Milne-Edwards, J. ec. 

{ J. J. Sm. Steentrup on the Alternation of Generation, translated for the 
Ray Society, 1846. London, 

§ Steentrup in reference to Campanularia geniculata, p. 31, fig. 52. 
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of “ animal ;” we have here no stomach, no internal cavity for 
the assimilative process, no spontaneous motion; in short, it is a 
perfect parent-cell of an Alga. The embryo which on the 
bursting of this so-called parent-animal begins to pass through 
its independent vital cycle, exactly resembles Vaucheria* ; like 
the latter, when the ciliary motion has continued for two hours, 
it becomes fixed, and thus attached becomes developed into 
perfect polypes; in the first stages of this process it is a true 
alga, in the latter an animal organism+. We may regard the 
Alga as an interrupted formation of the polype, as polypes with 
a simple alternation of generation, whilst Campanularia pos- 
sesses a double one! We probably have exactly the same re- 
lation in the Meduse, Salpe and Ascidie, and also as experl- 
mentally proved in numerous parasites (Ascaris) {, the consider- 
ation of which here would lead us too far, and which is at once 
seen when the views we have detailed are compared with the 
ingenious ideas and excellent observations of Steentrup in the 
work we have quoted. 

Lastly, these Frustulie—with their vegetable mantle and their 
vegetable alteration of matter—even with regard to their only 
animality, the feeble spontaneous motion, are 100 times sur- 
passed by the embryo of the Alge! There can be no doubt 
that they must possess the faculty of converting constituents of 
the atmosphere into the substance of their organism ; the water 
of the spring hardly contains traces of organic compounds ; when 
the air is excluded and it is removed from the influence of light 
and heat, it remains clear and colourless in sunshine; without 
the previous formation of Conferve, without a trace of any 
other previously-formed formative matter, the few germs of these 
beings (Frustulie) which have accidentally fallen into it become- 
developed into millions of individuals ; they reduce the carbonic 
acid of the atmosphere to fats and hydrates of carbon ; they assi- 
milate the ammonia, or even produce it from the nitrogen of the 
atmosphere, and combine it with the elements of the fats and 
hydrocarbons, so as to produce proteine and albuminates; they 
separate the oxygen in excess, and man, inyestigating and reflect- 
ing from the final product on the “ essence” of the process, sees 


* Steentrup, /. c,, fig. 54, and in Unger, J. c. 
+ Steentrup, J. c., figs. 53 and 57. 
t Auct. id. 1. c., p. 50 et seg. Development of the Trematoda. 
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the possibility of his own existence being partly mediated by 
the above most simple beings restoring the equilibrium of the 
atmosphere. 


III. Conclusions. 


The facts which have been discussed in the preceding pages 
may be briefly expressed as follows :— 

1. That the Articulata are characterized by the presence of a 
peculiar substance, chitine, which constitutes the whole of their 
external investments, as also the trachez, the gills, and probably 
the innermost layer of the intestinal tube ; this substance, which 
resembles woody fibre, is no¢ found elsewhere in either the ani- 
mal or vegetable kingdom, and it contains exactly the elements 
of proteine and starch or of ammonia and sugar. 

2. The substance of the cellular membrane of plants (cellu- 
lose) is by no means peculiar to plants; in fact it appears to be 
very widely diffused in the lower classes of animals, and has been 
experimentally proved to be a constituent of the mantle of the 
Ascidie and Frustulie. 

3. The smooth and transversely striated muscular elements 
(primitive fibres) of the Invertebrata (Cockchafer, Craw-fish and 
Unio) are identical in composition. 

4. Phosphate of lime is in intimate relation with the process 
of cell-formation, and probably a soluble combination of albu- 
men with it in definite proportions alone possesses the physico- 
chemical qualities necessary for this process. 

These facts lead to the following deductions :— 

I. No chemical or physical difference can be instituted be- 
tween animals and plants; psychology alone must define the 
boundary limits, if any. All those distinctions which have hi- 
therto been made, and which have long been untenable before the 
tribunal of sound natural philosophy are also without experimental 
foundation, and have arisen from confusion of the relations of 
causality: they are all mere consequences of the psychical con- 
stitution of the individual, of the species or genus; merely the 
means necessary for the attainment of an object which the soul 
of the individual or of the universe aims at. 

Proof. The most important differences in form and compo- 
sition which have hitherto been instituted relate to— 

a. Motion. 


OF THE INVERTEBRATE ANIMALS. Al 


6. An internal cavity for the assimilative process. 

c. The ultimate products of the metamorphosis of matter (pro- 
ducts of the respiratory process). 

d. The substance of the cell-wall. 

Ad a. The Oscillatoriz and the Spores of the Algz have a 
spontaneous motion as perfect as, and even considerably more 
so than, that of the Bacillarie and the fixed marine animals 
(Ascidie, &c.). This motion is a necessary fundamental con- 
dition of the physical existence of these beings: what the atmo- 
sphere is to plants, the ocean is to the adherent marine animals. 
If the land animals lived in a sea consisting of albumen and 
hydrates of carbon, they would not require a locomotive appa- 
ratus to enable them merely to replenish their formative matter ; 
if the atmosphere contained no carbonic acid, plants would stand 
in need of locomotion. 

Spontaneous motion is the consequence of the presence of the 
Will. The will without the apparatus requisite for the realization 
of its ideal activity, would be an extremely useless gift of nature ; 
and if we adopt the maxim, that “ everything in existence is 
judicious and perfect,” it would be inadmissible. Cuvier has 
beautifully treated of the relations of causality in the introduc- 
tion to his ‘ Comparative Anatomy.’ 

Ad b. What, then, is the principle of this internal cavity in 
the assimilative process? Evidently the greatest possible increase 
of surface so as to favour the most perfect assimilation in an 
endosmotic apparatus. Do we not perhaps find it realized in 
plants? Undoubtedly, the whole system of intercellular spaces, 
with: their outlets in the stomata, exhibits exactly this arrange- 
ment, except that in their case, preserving the same kind of com- 
parison, we have the lungs and intestinal tube combined. Car- 
bonic acid, the formative material of plants, passes freely through 
the stomata of the elongated canals of the intercellular spaces, so 
as to be taken up into the surrounding cells by diffusion as for- 
mative material, just as albumen and the hydrates of carbon pass 
through the sphincter oris into the intestinal cavity: that which 
is designated diffusion in the former corresponds to endosmose 
in the latter; the un-named cells of the former constitute the 
epithelia of the intestinal villi in the latter. 

The Vibrions are usually denominated animals. They exhibit 
the most active motions ; they permanently exist as simple cells 
without a trace of contraction even when magnified to the great- 
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est extent: but the fact that the intestinal tube and respiratory 
apparatus (lung, gill and trachea) are mere inflexions of the outer 
surface to afford increase of surface, ought to be proved in the 
Articulata to a demonstration, in addition to other facts, by phy- — 
siology and the history of development; for in them they entirely | 
consist of that remarkable substance which is characteristic of 
these animals, viz. chitine. 

Ad c. Wohler has clearly proved that elimination of oxygen is 
the ultimate product of the metamorphosis of matter in the Frus- 
tulie ; on the other hand, Drs. Schlossberger and Dépping* have 
proved the exhalation of carbonic acid to occur in Sponges and 
Fungi. Thus we have the exact antithesis of the required sepa- 
ration of carbonic acid in animals, and the excretion of oxygen 
in plants. 

Ad d. J have proved the identity of the substance of the cel- 
lular membrane of plants with that of the mantle of the dscidie 
and Frustulie, and rendered it probable with that of the Meduse 
and Polypes. 

II. Reil’s position, “that the vital phenomena are the result 
of form and composition,” is even now correct when put into the 
following form :—“ The working of the animal machine itself, in- 
dependent of another sphere of motive phenomena of a distinct 
immaterial substance, psychical activity, is the necessary result 
of the structure and composition of its elements.” 

Proof. This is afforded by a comparison of the minute struc- 
ture of the mantle in the Ascidia with that of plants having the 
same composition ; not less striking is the systematic position of 
the Cirripeds compared with the relations of their composition. 

Moreover, the doctrine of Vital Force has gone out of fashion ; 
a “metabolic power in the cell,” &c. is now substituted for 
it, i. €. it has received another appellation, or is designated “ as 
the unknown cause of a series of phenomena which we call life.” 
Every motor phenomenon is however merely the result of the 
reaction of at least two masses in motion (the first position in 
mechanics) ; to explain a motor phznomenon, and to refer to its 
causes, means to analyse its intensity and direction according to 
the parallelogram of the forces of its components : this implies at 
least two forces; this is the province of physiology, as well as of 
every physical science. It is clear that from one primum movens, 
from one mental phenomenon (force), assumed as a causal mo-|_ 

* Wohler and Liebig’s 4nnalen, vol. lit. p. 119. 


OF THE INVERTEBRATE ANIMALS. 43 


mentum for the sake of convenience, we cannot explain a single 
motor phenomenon, much less a sum of them. This funda- 
mental idea of Reil’s excellent position regarding the so-called 
vital force, “that it is the necessary result of form and compo- 
sition,” will remain as the sure basis of a rational physiology 
(i. e. the physics of the organism). It was the identification of 
the soul (the sum of the psychical motor phenomena) with the 
vital force (that of the physical) which necessarily led Reil, an 
inductive philosopher, into numerous conclusions contradictory 
to experiment :—with him physiology and psychology were syno- 
nymous. 

We see that the mechanism of the organism in the simplest 
vegetable form (Conferva, Protococcus) proceeds ad infinitum 
with mathematical precision; just as a curve according to its 
formula, if but a differential of magnitude be given. But in the 
animal world we find a substance added, the mechanism of 
which we call psychology, a sum total of motor phenomena 
with as many points of commencement, directions and intensi- 
ties, as there are reacting masses of the corporeal organism ; 
like this, developing itself from a differential in magnitude ac- 
cording to stated formule, which formulz being peculiar to each 
species, according to the magnitude of the substituted value and 
the duration of the real construction, admit in it of an infinite 
variety. 

The only rational difference which we can make between an 
animal and a plant, appears to me this; that for each species of 
plant we have from the commencement (which it is the province 
- of geology and palzontology to determine) one differential of 
magnitude and one formula (cell), truly only a single differential, 
for this by integration produces only one definite curve, be the 
substituted values ever so different ; whilst in the animal two of 
them are given (the cell plus the soul-atom), the integrals of 
which we designate vegetable life in the former and animal life 
in the latter. 


44 


ARTICLE II. 


Memoir upon the Colours produced in Homogeneous Fluids by 
Polarized Light*. By AuGustTIn FRESNEL ft. 


[Presented to the Academy March 30th, 1818.] 


M. BIOT was the first to remark that several homogeneous 
fluids possessed the property of colouring polarized light, and 
of reproducing the extraordinary image in the same manner as 
crystalline substances. This beautiful discovery proved that the 
polarizing action of bodies could be exercised independently of 
the arrangement of their particles, and solely in virtue of their 
constitution. 

Reasoning from analogy, I have long suspected that these 
phenomena of polarization ought to be accompanied by double 
refraction, in fluids as in crystals. The colorization of the light is 
moreover explained in so satisfactory a manner on the undula- 
tory theory by the interference of two systems of waves, that it 
was natural to suppose their existence, even in homogeneous 
fluids, on seeing that colours were produced by these fluids. 
Nevertheless no hypothesis stood more in need of confirmation 
by direct experiment. 

The theory of interference points out several very simple 
modes of observing the slightest differences in the course of two 
systems of waves emanating from a common source. For this 
purpose, for instance, the pheenomenon of coloured rings may be 
employed, or that of the fringes produced by the meeting of 
two pencils of rays. 

At first I followed the former process. Having tightly 
squeezed two prisms together so as to produce the coloured 
rings, I caused the light of a lamp to fall upon the surfaces in 
contact, at the angle of complete polarization. The rays thus 
reflected traversed a tube 1™*715 in length, filled with essential 
oil of turpentine. I was obliged to make use of an opera-glass 
to distinguish the rings, in consequence of the distance at which 
the prisms were situated. 


* This Memoir was supposed lost. It has been found recently amongst the 
papers of M. Léonor Fresnel, the brother of the illustrious Academician. 

+ Translated by E. Ronalds, Ph.D. The Editor is indebted to the Rev. Pro- 
fessor Lloyd, President of the Royal Irish Academy, for his kind assistance in 
revising this translation for the press. 
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With the glass alone, I did not perceive more rings through 
the oil of turpentine than before the interposition of that liquid ; 
but on placing a rhomboid of carbonate of lime in the interior 
of the telescope, so as to produce two separate images, I per- 
ceived in each of them a considerable increase in the number of 
rings: they were perceptible even when the film of air was of 
that thickness at which I had previously never been able to dis- 
cover them *. Now, one can only explain the appearance of 
these new rings by supposing a diminution in the interval of 
the two systems of waves, which combine to produce them ; or, 
what comes to the same thing, by supposing that the one part 
of the system of waves reflected by the first surface of the film 
of air, traversed the tube a little more slowly than a part of 
those reflected from the second surface. Thus it must be ad- 
mitted that the oil of turpentine retards, like crystals, the passage 
of light in two different degrees. As the rays reflected by the 
first and second surface of the film of air must equally suffer 
double refraction in passing through the liquid, the new rings 
can only be formed by one half, at most, of the light which 
reaches the eye; so that they ought to be much more feeble 
than the others. 

It may be objected to the deductions which I have just made 
from this experiment, that the circumstances giving rise to the 
new rings being precisely those which cause the colours in the 
oil of turpentine, the apparent augmentation of the number of 
rings may possibly be due to the simplification of the light. 
But in the first place, I reply, that these colours were exceed- 
ingly feeble in consequence of the great length of the tube, and 
that even, in certain positions of the rhomboid of calcareous spar, 
they became insensible; the two images then appearing to have 
no other colour than that peculiar to the liquid. It will be seen 
besides, that several other phenomena confirm the hypothesis of 
double refraction in the oil of turpentine. 

Having carried the same tube into a dark room, I directed it 
__.* M. Arago made, a long time ago, a perfectly similar experiment upon 

plates of rock-crystal, cut at right angles to the axis. The same phenomenon 
can be produced with laminz of rock-crystal or sulphate of lime, cut parallel 
to the axis, and of but slight thickness. When they are only 1 or 2 millimetres 
_ thick, the new rings are perfectly separated from those which surround the 
_ point of contact, and establish with certainty the double refraction of the cry- 
stal, This property of crystalline laminze may be equally well applied as a 


measure of their doubly refractive powers, their thickness, and of the curva- 
tures of the object-glasses of the telescope. 
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towards a luminous point, before which I had placed a series of 
glass plates to polarize the incident light. At the other extre- 
mity of the tube I placed, at the angle of complete polarization, 
two plates of glass not silvered and very slightly inclined towards 
each other, so as to produce fringes of sufficient breadth. Then 
observing with a magnifying glass the light thus reflected, I dis- 
covered the existence of three systems of fringes which touched 
and mixed slightly with each other, in consequence of the tube 
not being sufficiently long. 

The middle system, proceeding from the superposition of the 
fringes produced by the meeting of the rays which had suf- 
fered the same refraction, was much more intense than the two 
others, which resulted from the coincidence of the rays oppositely 
refracted. The light was not sufficiently intense to enable me 
easily to discover in these the position of the dark bands of the 
first order; but it appeared to me, as far as I could judge, that 
the distance of the centre of each of the systems on the right 
and left from the centre of that in the middle was the breadth of 
seven fringes. Another more precise experiment, detailed at 
the end of this memoir, shows that the feeble colours produced 
by this tube belong to the sixth order. 

Although the existence of double refraction in the oil of tur- 
pentine establishes a great analogy between the pheenomenon of 
its colorization and that presented by crystalline laminz cut pa- 
rallel to the axis, yet nevertheless they differ essentially in many 
respects. In the crystalline laminz, the rotation of the rhom- 
beid of calcareous spar produces a variation in the intensity of 
the tint without changing its nature; in the oil of turpentine, 
on the contrary, the same motion of the rhomboid changes the 
nature of the tint without diminishing its intensity. Lastly, the 
tube containing this liquid may be made to turn upon its axis 
without producing any change either in the nature or in the 
vividness of the colours ; whilst on turning the crystalline laminz 
in its plane, the colours are augmented or lessened until they 
are reduced to a pure white. 

The singular modification which double total reflexion at 
an azimuth of 45° impresses on polarized light, and which im- 
parts to it the appearances of complete depolarization when ana- 
lysed by a rhomboid of calcareous spar, does not deprive it, as is 
known, of the properties of colouring crystallized lamine. These 
tints have even as much vividness as those produced by ordi- 
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nary polarized light, and are only different in kind. Now here 
is another characteristic difference between the action of crystal- 
line laminz and that of oil of turpentine. Light thus modified 
is no longer coloured by this liquid, and appears, when subjected 
to this trial, as completely depolarized as when caused to pass 
immediately through a rhomboid of calcareous spar. 

At the extremity of a tube 0™50 in length, filled with oil 
of turpentine, I placed a glass parallelopiped, in which the inci- 
dent rays, previously polarized, suffered two complete reflexions 
in a plane inclined at an angle of 45° to that of primitive polar- 
ization. In looking through the other extremity of this tube 
with a rhomboid of calcareous spar, I could perceive no trace of 
colorization, when the rays had been reflected at a proper inci- 
dence in the glass parallelopiped, whilst polarized light which 
had not suffered this modification gave rise in the same tube to 
the most vivid colours. Rock-crystal cut perpendicularly to the 
axis produced under these circumstances the same effect as 
oil of turpentine. 

Polarized light, modified by double total reflexion, being no 
longer coloured in this fluid, analogy indicates that it should no 
longer produce more than a single system of fringes with the 
apparatus described above, and this is confirmed by experiment. 

It is natural to conclude from these two experiments, that 
light thus modified suffers only a single refraction in the oil of 
turpentine. To verify this conclusion, and to assure myself that 
‘the light on leaving the tube really did not contain more than a 
single system of fringes, I made it traverse a thin crystalline 
lamina, and I then saw that it gave rise to the same colours as 
when it had not traversed the oil of turpentine, or at least the 
tints differed very little, and this slight difference was due to the 


_ peculiar colour of the liquid, as was seen by causing incident 


light to traverse this fluid before its primitive polarization. 

But here is another sufficiently remarkable experiment, which 
shows perhaps still better, that in the present case the oil of tur- 
pentine gives up the light just as it received it. When the po- 
larized rays have suffered total reflexion in an azimuth of 45° 
to the primitive plane of polarization, if they are again submitted 


-to two total reflexions in a second glass parallelopiped, they 


reassume all the appearance and properties of complete polar- 
ization; this is a phenomenon easily explained upon the theory 
put forth in my last memoir. But the same phznomenon still 
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occurs, when a tube, however long, filled with oil of turpentine 
is placed between the two glass parallelopipeds. ‘Thus the mo- 
difications imparted to the incident rays are not altered in this 
case by the interposition of the fluid. 

When, instead of placing the glass parallelopiped at the fore- 
most extremity of the tube, it is placed at the end nearest the 
eye, the polarized light, which, after traversing the oil, is re- 
flected twice in this parallelopiped, presents the characters of 
a pencil of light which has traversed a thin lamina parallel to 
the axis; for, on turning the rhomboid of calcareous spar, the 
nature of the tints is no longer varied, but only their intensity, 
which pass into a perfect white in two rectangular positions of 
its principal section, when it is inclined 45° to the plane of double 
reflexion. The tints arrive, on the contrary, at their greatest 
intensity when the principal section of the rhomboid is parallel 
or perpendicular to this plane. Their nature depends upon the 
position of the glass parallelopiped, and is precisely that of the 
colours obtained directly without its interposition, when, the 
principal section of the rhomboid of calcareous spar is brought 
to the same azimuth, 

In thus modifying by double total reflexion the polarized light 
which has traversed oil of turpentine, the effects of this liquid 
may be combined with those of a crystallized lamina cut parallel 
to the axis, in the same manner as the effects produced by two 
such laminz are combined. But in order that the addition or © 
subtraction of the tints may be effected in a perfectly similar — 
manner, to obtain, for instance, the total disappearance of one 
of the images with a lamina of suitable thickness, it is necessary 
that the plane of double reflexion should be turned in a certain 
azimuth depending upon the length of the tube; this azimuth, 
in the particular case of perfect compensation, is that which gives 
the same tint as the crystallized lamina. When the axis of the 
lamina is to the left of the plane of double reflexion, the tints are 
added; when it is to the right, they are subtracted. This order 
would be inverted with a fluid like oil of citron, in which the - 
polarizing action is in a contrary direction to that of oil of 
turpentine. ‘ 

In the last memoir which I had the honour of presenting to 
the Academy, I described an apparatus, by means of which, with 
a crystallized lamina cut parallel to the axis, the phenomena of 
colorization produced by oil of turpentine and plates of rock- 
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crystal cut parallel to the axis, could be imitated. It consisted 
of two glass parallelopipeds arranged at right angles, between 
which the crystalline lamina was placed, so that the polarized 
pencil of light suffered double total reflexion on leaving the 
lamina as on entering it, but in a plane perpendicular to the 
former, both these planes being inclined at an angle of 45° to 
the axis of the crystal. This system of a crystalline lamina and 
two glass parallelopipeds thus arranged, possesses the singular 
property, that it can be turned upon its axis between the two 
planes of extreme polarization, like a plate of rock-crystal cut 
perpendicularly to the axis, without changing either the nature 
or the intensity of the colours; whilst by varying one of these 
planes in relation to the other, all the various tints are obtained 
which under similar circumstances are presented by plates of 
rock-crystal cut perpendicular to the axis and by oil of turpen- 
tine. Moreover, when the incident light has suffered double 
total reflexion in a plane inclined at 45° to that of primitive 
polarization, it is no longer coloured in traversing this apparatus, 
in whatever azimuth it may be turned; and when it suffers this 
modification on leaving the apparatus, instead of receiving it at 
its entrance, it takes, as does also the oil of turpentine in a 
similar case, the same appearances as if it had been received im- 
mediately upon the rhomboid of calcareous spar after leaving the 
crystallized lamina. 

Lastly, when the incident light, after having been completely 
depolarized by two successive reflexions before entering this 
apparatus, is again at its exit twice totally reflected in a glass 
parallelopiped, it is found to be again brought to a state of com- 
plete polarization, as if the apparatus had not been used, or been 
replaced by a tube filled with oil of turpentine. It would appear 
then, from these numerous and varied phenomena, that this ap- 
paratus possesses all the optical properties of oil of turpentine. 
This was also what I at first thought; but a more attentive ex- 
amination convinced me that a notable difference existed between 
these two kinds of phenomena. 

Having placed a glass parallelopiped at the extremity of a 
tube 0™°50 in length, filled with oil of turpentine, so that the 
rays which traversed it suffered double total reflexion parallel 
to the primitive plane of polarization, I caused the extraordinary 
image, which was of a violet red, to disappear by the interpo- 
sition of a lamina of sulphate of lime, about 0™™-12 in thick- 
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ness, which gave nearly the same tint in the extraordinary image, 
that is to say, the extreme red of the second order, or the purple — 
of the third. But on calculating from these data the appa- 
rent rotation of the plane of polarization of the red rays in oil 
of turpentine, on the theory of the apparatus which I have just 
described, I found an angle more than double that which M. 
Biot had determined by direct measurement, and which he had 
the goodness to communicate to me. To discover what could 
occasion so great a difference, I wished to observe the series of 
colours produced by different lengths (from 0 to 50 centimetres) 
of oil of turpentine. Having placed the tube in a vertical posi- 
tion, and fixed the principal section of the rhomboid of calca- 
reous spar in the primitive plane of polarization, I caused the 
fluid which it contained gradually to flow out, and was very 
much astonished to see the extraordinary image pass through a 
white slightly coloured, and finally arrive at black without show- 
ing at all the red of the first order. 

It is sufficiently different from the red of the second order to 
be easily distinguished; and by the simple inspection of the tints, 
it is easy to observe that that which corresponds to 50 centi- 
metres of the oil of turpentine is not of the first order. Besides, 
what still better determines its rank, is the thickness of the cry- 
stallized lamina which causes the extraordinary image to vanish. 
It may be objected, perhaps, that this disappearance only taking 
place when the glass parallelopiped is used, it is possible that 
double reflexion may alter the tint produced by oil of turpen- 
tine, and cause it to descend in the order of the rings. But, 
in the first place, on examining at the same time the direct 
and the reflected images, one must be convinced that their co- 
lour is absolutely the same; secondly, experiment and theory 
both show that double reflexion, at the incidence which produces 
complete depolarization, modifies all the rays in the same man- 
ner, and that, if it changes, in general, the interval which sepa- 
rates two systems of waves polarized in contrary planes, this 
change for each kind of rays is proportional to the length of their 
waves; so that it can neither raise nor lower the tint, the rank 
of which solely depends upon the relation of the constant part 
of the interval to the lengths of the different luminous waves. 
Therefore it remains confirmed that the extraordinary image 
passes from black to the red of the second order, without passing 
through the red of the first. 
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This succession of colours, so odd in appearance and so op- 
posed to that observed in reflected rings, may be explained in a 
very simple manner, if we admit that the double refraction in 
the oil of turpentine is not the same for rays of different kinds, 
and that it is strongest for those whose waves are shortest. 
It is known that the double refraction of the violet rays in cal- 
careous spar is more marked than that of the red; it is pro- 
bably the same in other crystals; but these differences are too 
slight in relation to the difference of velocity between the or- 
dinary and extraordinary ray. It is for this reason that we have 
supposed until now that the interval which separates two systems 
of waves was sensibly the same for rays of various colours. But 
when the double refraction becomes extremely feeble, as in 
oil of turpentine, where the velocities of the ordinary and extra- 
ordinary rays scarcely differ by the one-millionth, it is very pos- 
sible that the dispersion of the double refraction (if I may so ex- 
press myself) becomes a considerable part of the double refraction 
itself. It would result from some approximative measurements, 
to be mentioned in the sequel of this memoir, that the double 
refraction of the extreme violet rays ought to be about one and 
a half that of the extreme red rays. This hypothesis does not 
appear to me improbable, or even contrary to analogy, which 
ought not properly to be stretched to its greatest length ; and in 
adopting it we are enabled to account for that singular anomaly 
of which I have just spoken, and which without it appears to 
me inexplicable. 

It is easily conceived that the interval between the two sy- 
stems of waves being no longer the same for all the rays, as in 
the phenomenon of coloured rings, or in that presented by thin 
crystalline laminz, but changing with the length of the lumi- 
nous waves, the succession of the colours may be quite different, 
as this interval is so much the greater in proportion as the waves 
are short; which alters doubly the relation between its length 
and that of the luminous waves. Thus we arrive at the red of 
the second order, when the interval between the two systems of 
red waves has not yet exceeded that which would produce the 
red of the first order, if it were the same in the rays of different 
colours. . 

This hypothesis enables us to apply to the polarization exer- 
cised by homogeneous fluids, the theory which I set forth in the 
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preceding memoir in explanation of the colours produced by 
crystalline laminz placed between two glass parallelopipeds at 
right angles to each other. It is natural to think, from the inti- 
mate relation which exists between these two classes of phz- 
nomena, that they result from the same general modifications 
communicated to the luminous rays, and that the difference 
which they present in the succession of the colours is alone due 
to the double refraction not being the same for the different rays 
in the fluid particles, whereas, on the contrary, it is sensibly 
the same in the crystalline lamina. 

It is evident that the cause of the phenomena of colorization 
to which they give rise must be sought for in the individual 
constitution of the particles, as they are entirely independent of 
their arrangement, and yet at the same time so dependent upon 
their form, that, to use the expression of M. Biot, according to 
the nature of the fluid the light is turned from left to right, or 
from right to left. I shall suppose therefore that they are so 
constituted as to produce in the luminous rays which traverse 
them the modifications which they undergo in the apparatus 
that I have just described; that is to say, that the light on enter- 
ing and on leaving each particle undergoes the same modifica- — 
tion as that produced by double total reflexion, and that it suf- — 
fers, besides, double refraction within it. 

I shall at first show, as the result of this hypothesis, that the © 
rays which have been ordinarily or extraordinarily refracted in a 
particle thus constituted always suffer the same refraction in the 
particles of the same nature which they successively traverse, — 
whatever may be the azimuths of their axes. 

Let OO! be the principal section of the t 
first particle, RR! and TT’ the two planes 
which correspond to those of double re- 
flexion in the apparatus, and which I shall ° 
call the plane of entrance and the plane of *: 
exit; these are, by hypothesis, perpen- 
dicular to each other, and inclined at an dy 
angle of 45° to the principal section. Let 
O, O', be the principal section of the second particle traversed by 
the pencil of light, R, R’, and TT’, the two planes in which it 
suffers, at its entrance and exit, the modification just spoken of. 
It consists, as was seen in the foregoing memoir, in each pencil 
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of light being divided into two systems of polarized waves, the 
one parallelly, the other perpendicularly to the plane, the first 
being a quarter of an undulation behind the second. 

Let us consider that part of the incident ray which has been 
ordinarily refracted in the first particle, and thus polarized in 
the direction of OO’, and let us represent it by O. On leaving 
the particle it divides itself into two systems of polarized waves, 
the one parallelly, the other perpendicularly to TT’, the intensi- 
ties of which, as also the relative positions, are represented by 
the following expressions : 


1 i 
Neston wats) 
ere ke O.R 


In fact, as I observed in the preceding memoir, when a system . 
of waves is thus decomposed into two others, the velocities of 
the molecules of zther, in their oscillations, are not proportional 
to the square of the cosine and sine of the angle OCT, but 
simply to the sine and cosine; so that it is not the sum of the 
velocities which is constant, but the sum of the squares of the 
velocities. This is a consequence of the principle of the con- 
servation of living forces in the vibrations of elastic bodies. 

By the action of the plane of entrance R, R,' of the second 
particle, each of these pencils of light divides itself into two other 
systems of waves, making in all four: if the angle OCO, which 
the principal section of the second particle makes with that of 
the first, be represented by p, the intensities of their vibrations 
will be— 


a/ Lsinp.0, V/ 1 .cosp.O AJ hcosp.0y 4/1. sinp.0. 
Orr. K.: OL Pets O.R.R,. O.R.TY. 


In virtue of the double refraction of this particle, each of these 
pencils divides itself again into two, polarized, parallelly and 
perpendicularly to the plane O, O,'.. The intensities of the sy- 
stems of waves ordinarily refracted in the second particle will be 
represented by the following expressions : 


+5 sinp . Oy +5 cosp.O,, +xcosp. Oy —Ssinp.0. 
eb. OUT y.Of OR Ry. O,. » O.R.Ty 07: 


Adding the expressions which have the same characteristic, 
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and recollecting that the } in the characteristic is equivalent to 
the sign minus, we obtain, — sinpy.O and cosp.O,. But the 
resultant of these two systems of waves differing by the quarter 
of an undulation, is +/O?sin?p +O? cos?p, or O. Hence the 


waves arising from the ordinary refraction of the first particle _ 


suffer ordinary refraction in the second, because, both in the one 
and the other, the principal section is turned towards the same 
side as regards the plane of entrance. 

This principle may be further verified by calculating the in- 
tensity of the polarized light in the plane E, E,! perpendicular 
to the principal section O,O,'. We then obtain for the four 
constituent pencils,— 


1 kph. | hae 1 
— 9 sinp. Oy or +35 sin p.O, +5 cosp-O,, 
O.T.R,.E,. Q.T.T, ey. 
1 Pe 
—5 cos p- Or —5 sinp.O. 
O.R.R,, Ey’. O.R.T,'.E,'. 


The expressions having the same characteristic are equal and 
of contrary signs, so that these four systems of waves mutually 
destroy each other. Thus no one of the ordinary rays issuing 
from the first particle can suffer extraordinary refraction in the 
second. If the latter be turned in such a manner that the plane 
of exit becomes the plane of entrance, it is evident that it will 
still be placed upon the same side in relation to the principal 
section, and consequently the rays will still be refracted in the 
same manner. 

It should be noticed that the calculations which have just 
been made, and the results to which they lead, are independent 
of the relations of intensity of the double refractions exercised 
by these particles, and that we have only supposed them to be 
constituted in the same manner; that is to say, that their axes 
were turned towards the same side in relation to their plane of 
entrance. Hence, whatever may otherwise be their inclinations, 
or even whatever the nature of the particles successively tra- 
versed by the incident light, the rays which have in the first in- 
stance suffered ordinary or extraordinary refraction continue to 
undergo the same kind of refraction throughout the whole extent 
of the fluid. The hypothesis which we have adopted will ex- 
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plain (what at first appears difficult to conceive) how it happens 
that the double refraction exerted by particles so irregularly 
arranged does not give rise to more than two systems of lumi- 
nous waves in the fluid. 

When it is homogeneous, the effects produced by all the par- 
ticles are added, and the interval between the two systems of 
waves ought to be increased in proportion to the length of the 
passage. When the fluid is composed of two different kinds of 
particles, the axes of which however are turned in the same 
manner with relation to the planes of entrance, their effects are 
added, if in both it is the same refraction that is the most rapid ; 
and they are subtracted, on the contrary, if the most rapid re- 
fractions are of opposite natures. The inverse takes place when 
the particles have their axes turned in contrary directions rela- 
tively to their planes of entrance. 

It is likewise seen that the mixture of any number of fluids 
of different kinds, the particles of which are thus constituted, 
ought to produce the same effect upon light as that which it 
would suffer if it traversed successively these different fluids. 
Hence the problem, in this general case, may always be reduced 
to the particular case of a homogeneous fluid. 

In the preceding memoir, in explaining the theory of the ap- 
paratus which I take here as a model of the constitution of the 
particles, I showed that the intensity and the position of the 
different systems of waves which it produced, united in any plane 
of polarization whatever, are independent of the azimuth in 
which the apparatus is directed, and only depend upon the mu- 
tual inclination of the two extreme planes of polarization. We 
may then suppose all the particles of the fluid turned in such a 
manner that their principal sections are parallel to each other: 
then, if one of these particles is considered as comprised between 
two others, its plane of entrance is at right angles to the plane 
of exit of the one which precedes it, and thus causes to disappear 
the quarter of an undulation difference produced by the latter. 
In the same manner its plane of exit is at right angles to the 
plane of entrance of the following particle, which destroys con- 
sequently the modification which it had communicated to the 
light. Thus all the intermediate planes of entrance and of exit 
may be put out of view, reserving only the plane of entrance 
of the first particle and the plane of exit of the last. It is then 
evident that the formula which I have calculated for the appa- 
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ratus is applicable to the fluid. If, then, 0 and e represent the 
numbers of ordinary and extraordinary undulations in the fluid, 
and 7 the angle which the primitive plane of polarization makes 
with the principal section of the rhomboid of calcareous spar 
that serves to develope the colours, we obtain, as a general ex- 
pression for the intensity of the luminous vibrations in the ordi- 
nary image, 


F. J 42 00s [2i—2n(e—o)], or F.cos [i—x (e—o)], 


F.being the intensity of the incident pencil; and for the extra- 
ordinary image, 
F .sin [i—z (e—0)]. 

These formulz have been calculated for the case in which the 
axis of the crystalline lamina inserted between the two glass 
parallelopipeds was to the right of the first plane of double re- 
flexion ; they apply consequently to those fluids the particles of 
which have their principal section to the right of their plane of 
entrance. In the opposite case, the formula become 


F .cos [i+ (e—o)] for the ordinary image, and 
F. sin [¢+7 (e - 0)] for the extraordinary image. 

M. Biot observed that the angle through which the principal 
section of the rhomboid of calcareous spar must be turned, in 
order to cause the disappearance of the same kind of rays of the 
extraordinary image, was proportional to the length of fluid tra- 
versed. This remarkable law is an immediate consequence of 
the preceding formule. In reality, the kind of rays in question 
would cease to exist in the extraordinary image when we have 
i + m (e—o)=0, ori = +2(e—o); the upper signs correspond 
to the case in which the particles have their principal section to 
the right of their plane of entrance, and the lower signs to the 
contrary case. But e and 0 are proportional to the distance tra- 
versed in the fluid; consequently the angle 7 must also be pro- 
portional to it. 

If it be supposed that e> 0, the first value for i will be posi-: 
tive and the second negative. The angles having been reckoned | 
from left to right in the calculations, we must conclude from 
these values for i, that in the first case the light rotates from 
left to right, and in the second from right to left, using the lan- 
guage of M. Biot, which is the simplest mode of expressing the 
appearances of the phenomenon. If, on the contrary, we suppose: 
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é <0, the light will revolve from left to right when the principal 
section of the particles is to the left of their plane of entrance; 
and from right to left when this plane is to the left of the prin- 
cipal section. 

It is clear from this, that when polarized light traverses suc- 
cessively two fluids which cause the light to rotate in contrary 
directions, the effects produced by the one upon each kind of 
rays are subtracted from the effects produced by the other; so 
that with homogeneous light the extraordinary image is made 
to disappear completely, by lengthening or shortening one of 
the tubes. But it may happen with white light that this com- 
pensation is impossible, if, for instance, the variations of the 
double refraction of the different rays do not follow the same 
law in both fluids; for then the relation of the lengths, which 
produce exact compensation for one species of rays, would not 
produce it for another. 

To complete the theory which I have just set forth, there re- 
main to be explained two phenomena described at the com- 
mencement of this memoir. When polarized light has suffered, 
at an azimuth of 45°, the modification produced by double total 
reflexion before traversing the oil of turpentine, it no longer 
gives rise to colours ; and when it only undergoes this modifi- 
cation after passing out of the tube, the tints of the two images 
remain constant during the rotation of the rhomboid of calca- 
reous spar with which they are observed, and they only vary in 
intensity in passing into perfect whiteness, as those of the cry- 
stalline laminz cut parallel to the axis. 

The cause of the first phenomenon is very simple: the light 
then undergoes only one kind of refraction in the liquid. In 
fact, we have seen that the rays polarized parallelly or perpen- 
dicularly to the principal section of a particle, after having suf- 
fered, on leaving it, the modification in question, can only un- 
dergo a single kind of refraction in the following particle. The 
polarized light, thus modified, can only be refracted in one single 
manner in the oil of turpentine, and ought to produce, conse- 
quently, but one single system of waves. 

I am now about to consider the case when the light only 
undergoes this modification on leaving the tube. Let P P! be 
the primitive plane of. polarization. We have seen that the 
action of the particles upon the luminous vibrations was always 
the same in whatever azimuth their axes were turned. We 


58 . FRESNEL ON THE COLOURS PRODUCED IN 


may consequently suppose all their principal sections inclined 
at an angle of 45° to the plane of primitive polarization, so 
that their planes of entrance or of exit coincide with that plane. 
I shall suppose, for example, that they are the planes of en- 
trance. Having thus turned all the principal sections in the 
same direction, we may suppress all the 
planes of entrance and of exit, excepting 
the first and last. The first coincides with 
PP’ by hypothesis, and the last, repre- 
sented in the figure by NN’, is perpen- 
dicular to it. Let RR’ be the plane in 
which the light is twice reflected in the 
glass parallelopiped, after having traversed 
the oil of turpentine ; let, lastly, SS! be the principal section of 
the rhomboid of calcareous spar with which the colours are 
produced. I represent the angle PCR by 7, and the angle 
PCS by i. 

The plane of entrance, coinciding with that of primitive po- 
larization, does not modify the light. By the double refraction 
of the particles it is divided into two systems of waves, polarized, 
the one in the principal section O O', the other in the perpen- 
dicular plane E E!. If F represents the velocity of the etherial 
molecules in the vibrations of the incident pencil, their veloci- 
ties, in the ordinary and extraordinary waves, will be 


eat and a/ LP, 
2 2 
Pv. nr, 


o and e always representing the numbers of the ordinary and 
extraordinary undulations completed in the oil of turpentine by 
the kind of rays under consideration. By the action of the plane 
of exit N N’, each of these pencils divides itself into two others, 
which gives in all the four following pencils : 


1 1 1 1 
a Fors r) Fos 2 Fi4is 2 Fr 


P,0.N..:,- P.O. Pi he EN. BB, 


The double reflexion in the glass parallelopiped divides then 
each of these four pencils into two others, polarized, the one in 
the plane of reflexion R R’, the other in the perpendicular plane 
TT’. Lastly, by the action of the rhomboid of calcareous spar, 
each of these eight pencils is divided into two others, polarized 
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parallelly and perpendicularly to the principal section SS’. It 
is sufficient to consider those which concur in the formation of 
one of the images, the extraordinary image for example. Their 
intensities are represented by the following expressions : 


P..0O.NaR.S. +sin r.cos (i—r). Fy +4, 


P.O.N.T.S. 45 cosr.sin (i—r).Fyes 


1 ; 
P.O.P.R.S. +5 cos 7r.cos (i—r). Foss, 
P.O.P.T.S'.  —+ sin r.sin (i—r).F,, 
] 


P.E!.N’.R’.S!. SH sin ».cos (i—r). F 43, 
P.EI.N..T.S\. —5cosr.sin (i—7) Fess 


Pa Pelt. 8; +5 cos 7.c0s (i—7r).Fe+a, 


P.E/.P.T.S!, —5sinr.sin ((—7) .F. 
Adding the expressions which have the same characteristic, 


; des ree ae : 
‘and observing that 5 the characteristic is equivalent to the 


minus sign, the eight pencils are reduced to four : 


- z sin 7 [cos (¢—r) + sin (i—7)] F,, 


a 500s r [cos (t—r) + sin (t—7)] Fo4y, 


+ 3sin r [cos (t«—7) — sin (?—7r)] F., 


+ 5 cos [cos (i—7) — sin (ti—7r)] Fi 43. 


On inspecting these formule, it is seen at once that the image 
passes to white when i — r = 45°, for then the two last pencils 
disappear ; the intensity of the light becomes independent of the 
difference between e and 0, and consequently is the same for 
every kind of rays. The colour of the image attains, on the 
contrary, its highest degree of vividness when i — 7 is equal to 
zero or to 90°, that is to say, when the principal section of the 
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rhomboid of calcareous spar is parallel or perpendicular to the 
plane of double reflexion ; in fact, the expressions in which the 
characteristic is a function of e become then equal to those in 
which the characteristic contains 0. 

It is easy to perceive also that the rotation of the rhomboid, 
that is to say the variations of 7, ought not to alter the nature 
of the tint. In fact, if we consider the resultant of the two first 
systems of waves, the variations of i, affecting only the common 
factor cos (t— r) + sin ({— 7), cannot change the position of that 
wave, but only its intensity. For the same reason, these varia- 
tions do not change the position of the wave resulting from the 
union of the two other pencils. Hence the interval between 
these two resultants, which alone determines the nature of the — 
tint, suffers no change during the rotation of the rhomboid. 

It is not the same with the variations of 7; as they affect 
unequally the two first pencils, the one of which is multiplied 
by sin, and the other by cos7, they cause the position of their — 
resultant to change. They likewise change the position of the 
other resultant, and in a contrary direction, in consequence of 
the opposition of sign between the first and the third pencil. 
But this becomes still more evident on calculating the total re- 
sultant of these four systems of waves. The general expression 
for the intensity of its vibrations is found to be— 


FJ) + 1 cos? i—1) — sin? (i—7r)] cos [27 — 2a(e — 0)], 


55 Fy/2 4 Xeos2 (i — 1) 00s [27 — 22(e —0)]. 


It is clear, from this formula, that the variations of i only affect 
the intensity of the tint*, whereas those of 7 change its nature. 
When ¢ is equal to 45°, for instance, cos [2 r — 2% (e — 0)] be- 


comes cos 2 7 [4 — (e—o) |, and the colour of the image is that 
which corresponds to a change of a quarter of an undulation in 


* The maximum intensity of the tint corresponds to i =r, as had been al- 
ready observed by simple inspection of the constituent pencils. The formula 
then becomes 


Py / E+ peosl2r 22 (e—9)} or F.cos [ry — 7 (e — 0) ]. 


Thus the tint is precisely that which was observed before the interposition of 
the glass parallelopiped, with the same position of the rhomboid of calcareous 
spar. 
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the interval e — 0 comprised between the two systems of waves, 
When ¢ is equal to zero, on the contrary, the tint corresponds 
exactly to the interval e — 0; it is this which may be called the 
fundamental tint. The formula then becomes— 


ie a et 
F/1 +1 cos2i.c0s2 (e — 0); 


this is precisely the general expression for the intensity of the 
luminous rays in the ordinary image, for the particular case of 
a crystalline lamina, the axis of which is placed in an azimuth 
of 45°, with respect to the plane of primitive polarization. 

If the double refraction exerted by oil of turpentine upon the 
different kinds of rays was sensibly constant, as in crystals, it 
would follow that we could always exactly compensate the effect 
which it produces upon polarized white light with a crystallized 
lamina of proper thickness, by turning the parallelopiped in 
such a manner as to make the plane of double reflexion parallel 
to the plane of primitive polarization. But we have seen that 
this is not the case, and that it follows from the changes of the 
fundamental tint, that the double refraction of the oil of turpen- 
tine varies, on the contrary, very much with the length of the 
luminous waves. We may even conceive that the law of these 
variations may be such as to render impossible an exact compen- 
sation in the case of white light. 

To conceive clearly the necessary conditions of this compen- 
sation, instead of referring the intervals comprised between the 
two systems of waves in the oil of turpentine and in the crystal- 
line lamina to the same unit of length, let us suppose them ex- 
pressed, for each kind of luminous undulation, in a function of 
the length of that undulation. It is clear that, if the differences 
between the numbers which express these relations for the tube 
filled with oil of turpentine are equal to the differences between 
the corresponding numbers of the crystalline lamina, exact com- 
pensation is possible ; for it results from this hypothesis that 
the numbers of the crystalline lamina are equal to the numbers 

of the tube, plus a common number, which is generally a fraction. 
Now we may suppress all the integer numbers, and consider 
only the remaining fraction, the only quantity which is opposed 
to the exact compensation. But, from the formula— 


Al Maes Vi en Me Se sgt ee. gs. 
F.y/2 4 3 008 2 (¢ — 7) cos [2r —2xr(e—0)], 
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we perceive that it is always possible, by the value which is 
given to r, to introduce the fraction that is requisite into the 
parenthesis 2 — 2 (e — 0), and to cause this last discordance 
to disappear. It is this last fraction that determines the azimuth 
into which the plane of double reflexion must be turned to obtain 
the complete disappearance of one of the images. 

From some experiments of this nature, which I have not been 
able at present to conduct with all the precision of which they 
are capable, it appeared to me that the condition which I have 
just announced was visibly fulfilled in the oil of turpentine, for 
I observed the complete disappearance of one of the images, at 
least as far as I could judge. 

The first experiment which I made is that which I have 
already mentioned at the beginning of this memoir. Having 
filled a tube 0™50 in length with oil of turpentine, I fixed at its 
posterior extremity a glass parallelopiped in which the emerging 
rays suffered double total reflexion in a plane parallel to that of 
primitive polarization ; then, by placing between this parallelo- 
piped and the rhomboid of calcareous spar a lamina of sulphate 
of lime, about 0™™-12 in thickness, and inclining its axis to 
the right at an angle of 45° to the plane of double reflexion, I 
caused the extraordinary image, which was violet-red or purple 
of the third order, to disappear. A lamina of sulphate of lime, 
0™m-]2 in thickness, does not quite correspond to this tint in 
the table of Newton; but, as it was necessary to incline this 
lamina a little perpendicularly to its axis to obtain complete dis- 
appearance, I estimated that the tube 0™-50 in length ought 
to be compensated by a lamina of sulphate of lime, correspond- 
ing to the number 21 in the first column of Newton’s table. If 
the rotation of the plane of polarization of the mean red rays, — 
produced by a similar lamina comprised between two parallelo- 
pipeds placed at right angles to each other, is calculated, we find, 
by means of the formula— 

i=—7n7(e— 0), 
for the entire arc, 309°°6. But, from the succession of colours 
which oil of turpentine presents from zero to a length of 0™50, 
we have seen that there ought to be for this fluid one undula- 
tion less in the interval between the two systems of waves. Now, 
one undulation corresponds here to 180°; deducting 180° from 
309°6, there remain 129°6, which, divided by 50, give 2°59 
for the rotation of the red rays corresponding to 1 centimetre. 
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Making a similar calculation for the other kinds of rays, we ob- 
tain for the rotations which they suffer in traversing 1 centimetre 
of oil of turpentine, the following numbers :— 


Orange rays... . - 3-99 
Yellowrays . . . . 3°36 
Green rays .. ...... « 3°90 


Blue rays . 4 so, FUR 4°48 
Indigo rays ... . « 4°96 
Violet rays 5°49 


Having fixed a lamina of ge hod of lime, 0™™°46 in thick- 
ness, upon a glass parallelopiped, I placed it at the extremity of 
an apparatus filled with oil of turpentine, the length of which 
I could vary. By a double experiment I sought what length 
produced the most exact compensation, and in what azimuth the 
plane of double reflexion of the parallelopiped must be placed to 
cause the complete disappearance of one of the images. The 
length I found to be 2™-03, and the azimuth about 35° to the left 
of the plane of polarization; it was the ordinary image which 
disappeared. It follows, that to infer the rotation produced by 
this tube, we must first deduct 90° — 35°, or 55°, from the 
rotation which is produced by the lamina 0™™-46 in thickness, 
which is 1145°°8 for the mean red rays. We must, then, sub- 
tract an entire number of half circumferences, depending likewise 
upon the difference in the succession of the tints produced by 
the lamina and by the oil of turpentine. My apparatus not per- 
mitting me to follow them from 0™°50 to 2™-03, I calculated this 
number from the preceding experiment, being sure that I could 
not be half a circumference in error, and I saw that it was 
necessary to deduct three half-cireumferences, or 540°. The 
rotation of the red rays produced by traversing 2™03 of oil of 
turpentine is therefore 550°'8 ; dividing this quantity by 203, we 
have for the rotation of the red rays in 1 centimetre 2°71 *, 
This result accords very closely with that obtained by M. Biot 
by the actual measurement of the angles, at least if they are the 
mean red rays which predominate in the light that he employed. 


* Starting from these data, we find that the ordinary and extraordinary red 


rays only differ in their velocity by oe and the ordinary and extraordi- 


nary violet rays by W000 so that the double refraction of the red rays is 


to the double refraction of the violet rays, as 1 to 1°34. 
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Making the same calculation for the other rays, we obtain 
the following angles :— 


Orange Pays... as 3-07 
Yellow rays 3°42 
SefEE TAYS ,.... Ate t, Weak 
Hine rays... .. «. ss wards 
Yudigo.rays .. .. ..) 4s) 4:87 
Violet. rays... st et.0ip so 


These results differ sensibly from those deduced from the 
previous experiment, and the bases of the calculation are in 
fact sufficiently different; for if, by a proportion, setting out 
from the data of the second observation, we inquire what length 
of oil of turpentine ought to be exactly compensated by a lamina 
of sulphate of lime corresponding to the number 21 of the first 
column of Newton’s table, we find it should be 0™:548 instead 
of O™'50: ' 

Notwithstanding the difficulties which arise from the greater 
length of the apparatus in the second experiment, and which 
might be the causes of error, 1 am led to think that the results 
which have been deduced from it are more exact than the former, 
not only because the measurements and observations were made 
upon larger quantities, but also because I attended more to the 
precautions which are necessary to approach exactitude. Ne- 
vertheless, I do not consider even these last results as very exact, 
because the apparatus was not arranged in a sufficiently conve- 
nient manner for making such delicate observations with preci- 
sion*. Before having the honour of presenting them to the 
Academy, I should have wished to have repeated the expe- 
riments with a better-arranged apparatus, and to have verified 
these angles by direct measurements of the rotation in homo- 
geneous light; but other researches oblige me to relinquish 
these, at least for some time. 

I have shown how it is possible to distinguish the different 
phenomena presented by oil of turpentine, in supposing that 
each of its particles possesses the power of double refraction, 


* It appeared to me that the tints produced by the 2™-03 of oil of tur- 
pentine were a little less feeble than those of the lamina 0™-46. In traversing 
2m-60 of this essential oil, polarized light still presents an appreciable coloriza- 
tion ; this appears to establish a slight difference between the phenomena and 
the hypothesis of complete compensation by the interposition of a lamina of 
sulphate of lime. 
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and impresses on the luminous rays, at their entrance and their 
exit, the same modification which they are subjected to by double 
total reflexion in the interior of transparent bodies. The defi- 
nition of these modifications in the present state of the theory 
is sufficiently complicated. It is possible however, that after 
all the hypothesis may be more simple than it appears. It is at 
least certain that the phenomena cannot be more simply repre- 
sented than by the general formula 
F .cos [t+ 7(e—0)], 

to which this hypothesis has led me. It seems to me very pro- 
bable, consequently, that this formula is really the expression of 
the resultant of all the various movements of the luminous waves 
in the oil of turpentine. But it is possible that these elemen- 
tary movements do not take place precisely in the manner that 
I have supposed. However that may be, the theory which I have 
just advanced has the advantage of connecting the colorization 
of homogeneous fluids in polarized light with the same princi- 
ples as those upon which the colorization of crystalline lamine 
depend ; it indicates the points of contact in these phenomena, 
which differ so much in appearance, and in this respect, it 
appears to me, it may be of some utility to science. 
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Articze III. 


Memoir on Metallic Reflexion. By M. J. Jamin*. 
[From the Annales de Chimie et de Physique for March 1847. ] 


| a remarkable memoir published in the Philosophical Trans- 

actions for April 1830, Sir David Brewster called the atten- 
tion of scientific men to the phenomena presented by the reflexion 
of metals ; and without endeavouring to determine the nature of 
the modifications produced on light by metals, he performed 
experiments which led him to the discovery of some isolated 
laws, of which he gave no theoretical explanation. Since that 
period, metallic reflexion has become the object of continued 
researches; some mathematical, of which we shall often have 
occasion to speak in the sequel; the others experimental, too 
few in number for the complete solution of the problem, often 
destitute of the necessary precision, and employing very com- 
plicated methods of measurement. It is with the intention of 
simplifying these methods and extending these researches, that 
Ihave undertaken the following experiments. Before proceeding 
to them I shall recapitulate the most simple and general laws 
discovered by Sir David Brewster. 

1. If a ray of light, polarized in azimuths of 0° or 90°, be 
reflected from a metal any number of times, it always remains 
polarized in the same plane after reflexion. 

2. Every ray, which before reflexion is polarized in any other 
azimuth, becomes partially depolarized after having undergone 
the action of the metal. 

3. If we cause a beam of natural light to fall on a metallic 
mirror, it is not polarized by reflexion at any incidence; and 
when examined by a polariscope, presents the appearances of a 
partially polarized ray. Sir David Brewster has also remarked, 
and this is an important observation, that there exists a particular 
incidence for which the proportion of light polarized by reflexion 
is greater than for any other; this incidence has been called the 
angle of maximum polarization. 


* The Editor has to acknowledge his obligations to Alfred W. Hobson, B.A., 
St. John’s College, Cambridge, who kindly undertook the translation of this 
paper. 
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4, When polarized light is reflected several times from parallel 
metallic mirrors, at the incidence of maximum polarization, the 
polarization is restored after an even number of reflexions. 

5. Finally, the reflected beam becomes again polarized after 
an even or uneven number of reflexions under a great number 
of incidences, determined by laws which remain to be found. 

Since a ray polarized in any plane before incidence may always 
be decomposed into two others polarized in azimuths of 0° or 
90°, which, according to Sir David Brewster, do not change their 
azimuth by reflexion, the reflected ray will always be formed by the 
superposition of two rays polarized in these principal azimuths ; 
and its state of vibration will be known, if we have found out 
beforehand the modifications undergone by the component rays 
during reflexion. The first question therefore to be answered is 
this: What transformations occur, during reflexion, in rays po- 
larized in the principal azimuths ? 

Now every polarized ray which undergoes any action without 
losing its polarization and without changing its azimuth, can 
only be affected by changes of phase and variations of intensity : 
we have therefore to examine if these modifications occur, and 
according to what laws they are produced, for two rays polarized,” 
one in the azimuth of 0° and the other in the azimuth of 90°. 
This is the investigation we are about to commence, beginning 
with the determination of the intensities. 


“T. Measure of the Intensity of Light reflected by Metals. 


If we cause rays polarized in the azimuths of 0° or of 90° to 
fall on a plate of glass, the intensities of the reflected beams will 
be represented by the following formule of Fresnel :— 


ous sig) a. tant(l--7) (1.) 
sin?(1 +7)’ ay bambi Dien aun ye al 8 We 

These formule, verified by MM. Arago and Brewster, are 
recognised at the present day by experimenters: they will serve 
us as a starting-point for measuring the quantities of light I? and 
J? reflected by metals; in order to which it will suffice to com- 
pare I? and I’? on one side, and J? and J’? on the other. 

To make this comparison, let us place in contact two plates, 
the one of glass, the other of metal, so that the two polished faces 
may be in the same plane and the two plates form one reflecting 
surface, of which one portion is glass and the other metal: then 

F 2 
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reflect from the middle of this double plate a ray polarized in 
the plane of incidence: one half of the ray will be reflected by 
the glass, the other by the metal ; both will remain polarized in 
the azimuth of 0°, and will give only a single image in traversing 
a doubly-refracting prism, whose principal section coincides with 
the primitive plane of polarization. 

But if we turn this prism through an angle (8), we shall ob- 
tain one ordinary and one extraordinary image for each of the 
two portions of the beam reflected by the glass and by the metal : 
hence there will be four images, whose intensities will be— 


Metal. Glass. 
Oy oy POR Henaseetp J’? cos? B 
Biers Uist ane eimAp J 29g: 


When (8) varies, the ordinary and extraordinary images un- 
dergo inverse changes of intensity; and there is always a parti- 
cular value of (8) which makes the ordinary image of the metal 
equal to the extraordinary one of the glass. 

We have in this case, 

J? cos? B=J' sin?6 ; 
and replacing J’ by its value given by Fresnel’s formule, 
sin? (l—7) 
an* 8a (tr) ty ST Te a 

If, on the contrary, we seek for the value (6') which makes 
the extraordinary image of the metal equal to the ordinary one 
of the glass, we obtain 
sin? (l—r 
ay tes aa 

Experiment will give us the values of (8) and (6’), which ought 
to be complementary, and we shall calculate J? by means of the 
formulz (2.) and (3.). 

It is moreover obvious that this method is applicable to the 
case where the light is polarized in the azimuth of 90°: the azi- 
muth of equal tints will be determined in the same way, and we 
shall obtain 
- tan? (1 —7) tan? (1—r 
[?=tan- 6 tan®(1E7) =cot? 6! =a i ‘ ree tS) 
only, in the neighbourhood of the angle of polarization for glass, 
there will no longer be any light reflected by this substance, and 
therefore no comparison possible; hence will result a gap of 
some degrees in the experiment. 
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Thus we shall polarize the light successively in the plane of 
incidence, and the plane perpendicular to it; and in order to 
obtain the proportion of light reflected in each of these two cases 
by the metallic mirror, we shall turn the analyser until two 
images of contrary name, produced by the two substances, be- 
come equal: we shall find by two distinct observations, which 
ought to agree, the azimuths (8) and 90°—8, of the principal 
section; and the intensity of the light reflected by the metal 

_will be equal to that reflected by the glass multiplied by the 
square of the tangent of (8). 

This method, which in a theoretical point of view is of extreme 
simplicity, cannot lead to accurate results unless the index of 
refraction of glass is perfectly known; since the intensities 1’ 
and J’? of the light reflected by this substance are functions of 
the incidence and of the index of refraction. Now there are two 
methods of ascertaining this latter quantity: the first consists 
in seeking directly for the index by forming the glass into a 
prism; the second in determining the angle of polarization (?) 
of glass, and putting tan (i)=n. Unfortunately, the two methods 
have given results differing by a notable quantity ; and in order 
to choose between the two, it must be remembered that the pre- 
ceding formule cannot be used unless they are true in each par- 
ticular case, and provided they give the intensity nothing for 
light reflected at the angle of maximum polarization, when the 
ray is polarized perpendicularly to the plane of incidence, which 
requires that we have tan (i) =”. We must therefore employ for 
the determination of the index (n), a method which verifies for- 
mulz (1.); I have adopted the following. 

The two formule (1.) lead to a third, which gives us the value 
of the azimuth A! of the reflected light, when the incident ray 
is polarized at 45° to the plane of incidence ; this formula is the 
following : 

cos(1 +7) 


| eat 
Mn Re cos(1—r)’ 


a relation evidently verified by the same value of (x) as the pre- 
ceding, since it is a consequence of them; and instead of the 
value of the index of refraction, which satisfies the former, we 
may determine that which agrees with the last. We obtain suc- 
cessively 
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cos(l+7) _ 1—tanitany 


'— sac aici cae 
an cos(l—r)  1+tanitanr 
P 1—tan A! ring 
tani tan r= tera! PANE a ye ere co ee ein 
O__Al 
tan r= tan (45°—A") 
tanz 


Then, the azimuth of polarization of the incident light being 45°, 
the incidence being i°, we shall measure A’, calculate (7) by 
means of the formula (5.) and (x) by the equation x = ——. 
The value of (i) being arbitrary, we are at liberty to experiment 
under yarious incidences, and to obtain from each experiment 
values of (n) of which we shall take the mean. The following are 
some of the results :-— 


Incidences. Values of x. 
BOY ee ey co etee? Bl ao 
(Oeseh ori Lees el aoe 


BUMS. ge as, Pan 
DASA” stele co Stoude “gel) WM ceed ae? 
AQ aes wiuett a0 ET ae 
BO Lh eid re Pe, ee OS 
Mean. . 1°4925 

This result differs only by three-hundredths from that given by 
direct experimenis for the index of refraction of glass: we shall 
adopt it in the calculation of formulz (1.), and the success of our 
experiments will henceforth depend on the care with which the 
angles (i) and (8) are measured. I shall now enter into some 
details on this subject. 

A horizontal circle having a copper stand, supports a tube 
blackened in its interior, fixed on the circle, constantly directed 
towards the centre, and furnished at its two extremities with 
cross-wires for the purpose of fixing the direction of the incident 
ray. This tube carries a Nichol’s prism which polarizes the 
light, and whose direction is determined by a graduated vertical 
circle placed on the tube. A second tube which receives the 
reflected ray is moveable round the circle, and its displacements 
are measured by means of a vernier; the reflected light is ana- 
lysed by a doubly-refracting prism placed at its exterior extre- 
mity, and the direction of the principal section of this prism is 
known by means of a second vertical circle fixed on this move- 
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able tube. At the centre of the horizontal circle is a table, on 
which the double plate is adjusted vertically in such a position, 
that the line of separation of the two substances rests on the 
exact centre of the apparatus; this table is moveable round 
the centre, and an “ alidade,” which traverses the limb of the 
graduated circle, allows of the incidences being varied and 
measured. 

The verticality of the double plate being an indispensable 
condition, it was at first endeavoured to be accomplished by 
known methods, and afterwards was verified by polarizing the 
light in the principal azimuths, and observing that the polariza- 
tion remained rectilinear after reflexion from the metal, and that 
the azimuth was not altered by turning the reflecting surface 
through 180°. In addition, two series of observations have 
always been made, the reflecting surface being placed on the 
right and left of the observer alternately, in order to correct 
errors arising from a want of verticality in the double plate. 

The incidences were measured, both by the deviation of the 
reflected ray and by the displacement of the plate; the angle 
(6) was ascertained with great precision ; in fact, the ease with 
which the eye can judge of the equality of two lights of the 
same tint is well known, and I found that a little practice 
renders the sensibility of this organ truly remarkable. The re- 
sults of experiments made under the same circumstances never 
differ by more than fifteen minutes; and if greater errors are 
committed, it is because the points used for distinguishing 
(points de repére), whether for the measure of incidences or for 
the position of the planes of polarization, are not always obtained 
with so great an accuracy. Let it be observed, moreover, that 
in each quadrant there are two angles (8) and 90°—£, which 
render the ordinary or extraordinary image of the metal equal to 
the extraordinary or ordinary image of the glass; each result 
therefore has been concluded from eight observations. 

In all my experiments the light was supplied by a Carcel 
lamp, placed in a closed box at the focus of a lens which ren- 
dered the rays parallel, so that the operations were conducted in 
the most complete darkness: the light employed was very in- 
tense, and always precisely the same; it was made sensibly 
homogeneous by a red glass of great thickness chosen with much 
care, and which, whilst permitting the transmission of a sufficient 
number of rays to render the observations easy, diminished the 
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intensity sufficiently to allow of the perfect polarization by Ni- 
chol’s prism. 

My experiments, performed with plates of steel and mirror- 
metal well-polished, are given in the following tables: it will be 
remarked, that the intensities of the reflected light, polarized in 
the plane of incidence, vary little, and that they diminish pro- 
gressively from the incidence of 90° to that of 0°. 

If, on the contrary, the light is polarized in the azimuth of 
90°, the intensities diminish from the grazing incidence (rasante) 
up to the angle of maximum polarization, and afterwards increase 
up to the normal incidence. 


Steel.— Square root of the intensities of light reflected in the 
plane of incidence: ,=76 ¢=57°53. 


Square root of the inten- 


Incidences. cio) ae Differences. 
i Observed. | Calculated. 
85 48 2 0-951 0-977 —0-026 
80 52 9 0-945 0-954 —0-009 
75 56 15 0-946 0-932 +0-014 
70 59 40 0915 | 0-910 +40:005 
65 61 56 0-398 | 0-892 40-006 
60 64 52 0897. | 0-874 40-023 
55 66 45 0-869 0-856. | +0-013 
50 67 57 0-828 0842 _0-014 
45 69 37 0-818 0-827 —0:009 
40 71 7 | 0780 | 0-815 —0-035 
35 72 10 0-800 | 0-804 —0-004 
30 73.3 0-790 | 0-795 | —0-005 
25 73 56 0-791 0-787 40-004 
20 74.26-| 0-780 0-781 —0-001 


Steel. Square root of the intensities of light 
reflected in the plane perpendicular to the 
plane of incidence. 


85 45 42 0-719 0-709 +0-010 
80 48 21 0547 0583 —0:037 
75 60 00 0-566 0:563 40-003 
70 69 15 0-545 0-569 —0-024 
65 79 44 0-627 0-599 +0-028 
rs | 86 10 0-630 0-630 0-000 
| 
50 8 4 | 0-666 0681 | —0-015 
45 | 82 22 0-689 0-701 | —0-012 
40 80 32 0°688 0717. | —0-029 
Bie Nn F910 0-741 0-730 | +0011 
30 78 10 0-760 0-742 +0-018 
25 77 20 0-769 0-751 | +0018 
20 | 7636 | 9770 0-758 / +0012 : 
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Mirror-metal.— Square root of the intensities of light reflected 
in the plane of incidence: 1;,=75°50 «=64. 


Incidences. 


75 45 


Square root of the inten- 
sities. 


Observed. 


0-968 
0929 
0:937 
0:959 
0:944 
0-950 
0-940 
0:926 
0:869 
0-906 
0-950 
0-940 
0-914 
0-890 
0-902 
0-850 
0°859 
0:877 
0-880 
0:869 
0°869 
0:873 
0°841 
0°852 
0:833 
0:823 
0835 
0850 
0°845 
0°837 
0854 
0°868 
0°857 
0°858 


Calculated. 


0-984 
0:976 
0:969 
0-961 
0°954 
0-948 
0:934 
0-932 
0-925 
0:919 
0-912 
0:905 
0-900 
0:894 
0-888 
0°882 
0-876 
0°872 
0-866 
0-861 
0°857 
0:852 
0°848 
0-844 
0-840 
0-836 
0-833 
0-830 
0°827 
0-824 
0821 
0-819 
0-816 
0-814 


Differences, 


—0-016 
—0-047 
—0-032 
—0-002 
—0-010 
+0-002 
+.0-006 
—0-006 
—0:056 
—0-013 
+0-038 
0-035 
+0-014 
—0-004 
+0-014 
—0-032 
—0:017 
+.0-005 
40-014 
+.0-008 
+0-012 
+0-021 
—0:007 
—0-012 
—0-007 
—0-013 
+.0-002 
+0-020 
40-018 
+0-013 
40-033 
40-049 
40-041 
40-044 
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Mirror-metal.—Square root of the intensities of light reflected 
perpendicularly to the plane of incidence. 


aide Square root of the inten- 

Incidences. observed. aoc Differences. 

: Observed. Calculated. 

46 36 0-754 0-800 | ~ 0-046 
47 33 0-715 0°736 —0-02] 
50 58 0°697 0°683 +0°014 
53 18 0°655 0-651 +0-004 
56 32 0631 0-633 —0-002 
60 6 0°623 0-626 —0-0038 
64 47 0-666 0-626 +0-040 
69 18 0-678 0-630 +0-048 
73:18 0°688 0637 +0051 
76 3 0-666 0-646 +0:020 
79 44 0-654 0'659 — 0-005 
82 2] 0-729 0-666 +0-063 
84 24 0-701 0677 +0-024 
85 59 0-819 0:730 +0-089 
85 11 0-760 0°737 +0-023 
83 52 0-801 0-744 +0057 
82 15 0:723 0:749 —0-026 
82 00 0°747 0-755 —0°008 
81 46 0-793 0-761 | +0032 
80 23 | 0-764 0°765 —0-001 
80 34 0-794 0-770 +0:024 
80 12 0-824 0-774 +0°050 
79 56 0-860 0-778 | +0-082 
wo 7 0°828 0-781 +0:047 


In the fourth column of the preceding tables are given the 
numbers as calculated, between which and those furnished by 
experiment there is a satisfactory agreement: these numbers are 
given by formule due to M. Cauchy. This geometer, guided by 
the experiments of Sir David Brewster, has treated the problem 
of metallic reflexion theoretically, and we shall soon see that he 
has completely solved it. As his labours on this subject have not 
been published as a whole, we think fit to give here an abstract 
of the theoretical principles on which they are founded, and to 
state the formule at which he has arrived. 

When light passes from vacant space into a homogeneous | 
body, there exists between the. lengths of the incident and re-. 
fracted waves, a ratio which has been named the index of refrac- 
tion, and which is constant when the body is homogeneous and 
not crystallized. If this body is transparent, the index of refrac- 
tion is its sole characteristic, and the knowledge of this constant 
is sufficient to calculate in every case the action exerted by the: 
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substance on light; but if the body, remaining homogeneous, 
becomes opake, this datum is insufficient, and the modifica- 
tion undergone by the ray is complicated by a new influence. 
Bodies, in fact, never being absolutely opake, give rise to re- 
fracted waves when they are struck by light, only these waves 
traverse but a very slight thickness; we may therefore admit 
that they are rapidly enfeebled, so as to become insensible at a 
very small distance compared with the length of an undulation ; 
and by representing this diminution of energy by a second cha- 
racteristic, the coefficient of extinction, M. Cauchy seems to 
have simply translated into a principle that which has been 
shown to us by experience, and to start from a most reasonable 
foundation. 

Thus, the formulz which represent the reflexion and refraction 
of light in transparent bodies depend on one constant only, the 
index of refraction, and for opake bodies on two given quantities, 
viz. the index of refraction and the coefficient of extinction. 

In order to deduce from observation the two constants which 
represent the action of any metal, it will suffice,—1st, to determine 
the angle (¢,) of maximum polarization: this is the first thing 
given; 2nd, to find out the value, at this incidence, of the ratio 


() of the square roots of the reflected intensities of light po- 


larized in the plane of incidence and the plane perpendicular to 
it, and to calculate the angle whose tangent is equal to this ratio: 
this angle, which we shall call A, is the second given quantity. 

The following are the formule of M. Cauchy :—J? and I? repre- 
sent the intensities of the reflected light, polarized in the plane 
of incidence and in the plane perpendicular to it, that of the 
incident ray being equal to unity: 


I?=tan(¢—45°), Ba GY he Iara (5) 
$ and x are given by the formulz 


, U 
= —7 94 ————, 
cot ¢=cos (2 «—w) sin ( are tan Pecos; ) ‘5 


; Cosi Eopapennae) 
cot ~=cos uv sin (2 are tan —y- 
(i)represents the angle of incidence; (4) and (e) are two constants; 
U and (wu) variables which are calculated as functions of (7), (4) 
and (#) by the following equations ; 
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- sind 
2u—«)= ; P 
cot (2u—«)=cot ¢ cos (2 are tan — ), (8.) 


62 sin 2e= U2? sin 2 u. 


The constants (#) and (e) are determined as follows :—at the 
angle of maximum polarization, the variables U and (u) have the 
particular values 


ie Ay U=sin i, tani, ; 


replace (w) and U by these particular values in formule (8.), and 
(e) and (#) are found from them: these quantities being once 
determined, the formule (8.) will give the values of (w) and U 
for each incidence; equations (7.) give (¢) and (x); and (6.), 1? 
and J*. 


In applying these formulz, it is perceived that Ga is always 


so small that we may neglect ee in the calculations: we have 
constantly satisfied ourselves with this degree of approximation, 
after having convinced ourselves that the errors committed were 
less than those of experiment. 

Whatever care be used in executing the experiments, it ap- 
pears to me impossible to obtain a more complete agreement 
between theory and calculation than is exhibited by our tables. 
The determinations are, in fact, liable to several sources of error, 
of which some are very serious, and cannot be entirely avoided, 
and which the least negligence would render enormous: and, 
moreover, the theoretical formule are calculated by means of two 
constants, furnished to +s by experiment, and which are neces- 
sarily tainted with errors which alter all our results: it is there- 
fore difficult to aspire after a more perfect experimental verifi- 
cation than that exhibited by our tables. 


Il. Measure of the Difference of Phase. 


We have now to occupy ourselves with the second transfor- 
mation operated on light by metallic reflexion; I refer to the 
displacement of the nodes of vibration. 

I have occupied myself with a particular case of this question, 
and my experiments presented to the Academy of Sciences on 
the 13th of August 1846, prove,—1st, that a ray polarized perpen- . 
dicularly to the plane of incidence is always retarded with regard | 
to a beam polarized in the azimuth of 0°; 2nd, that the differ-| | 
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ence of phase is nothing at an incidence of 0°; that it increases 
progressively up to the grazing (rasante) incidence or 90°, for 
which it becomes equal to a semi-undulation, and that at the 


3 5 A 5 A 
angle of maximum polarization it takes the value (2). 


This law of the variation of phase results from experiments 
made on metallic oxides by a process inapplicable to metals; 
but as these oxides and metals act on light in the same way, 
according to the experiments of Sir David Brewster, it is incon- 
testable that the difference of phase produced by the reflexion of 
metals will vary in the same direction between the limits of the in- 
cidences: we shall assume, therefore, that for metals, the difference 
of phase between the reflected rays polarized in the principal 
azimuths, is nothing for a normal incidence, and that it increases 
progressively at the same time as the inclination of the ray to 
the surface: this generalisation of a fact verified in a particular 
case is moreover conformable to the result obtained by M. de 
Sénarmont. 

Starting from this law, I shall by a new method find the value 
of the difference of phase for particular incidences: this method 
possesses the advantage of employing nothing intermediate in 
order to modify the phase, and will for this reason be free from 
the objections to which the processes hitherto used are liable. 
The following is my mode of proceeding. 

When we direct a beam polarized in any plane upon a metallic 
mirror, we may always consider it as formed by two rays of the 
same phase, polarized in azimuths of 0° and 90°, azimuths which 
are not altered by the reflexion. If they be again reflected any 
number of times from mirrors of the same substance parallel to 
the former, the angle and the plane of incidence remaining the 
same, they will undergo each time the same action on the part 
of the metal; and after 2, 3,4.... reflexions they will have 
differences of phases equal to 2,3,4 ... . m times that produced 
in them by a single reflexion. If then we can find the first, it 
will be sufficient to divide them by the number of reflexions to 
obtain the second: this determination will be very easy in certain 
particular cases. 

We know, in fact, by the experiments of Sir David Brewster, 
that after having been reflected several times by a metal, the ray 
has acquired a polarization, generally elliptical, but which becomes 
rectilinear for certain particular values of the angle of incidence : 
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these values vary with the number of reflexions ; and experiment 
shows, that of them there is one for two reflexions, two for three 
reflexions, and in general a number equal to the number of re- 
flexions minus one. Sir David Brewster does not seem to have 
remarked this relation between the number of reflexions and 
that of the angles of renewed polarization. It is a very simple 
consequence of the manner in which the difference of phase 
varies, and the reader will shortly be able to recognise it; for 
the moment we content ourselves with pointing out the use to 
be made of this fact. 

In order that two rays polarized at right angles, whose phases 
differ, may, on uniting, constitute a polarized beam, it is neces- 
sary that the differences between their phases be equal to 


A Aa A 
5p? Or 25,0r3 5, erie f 


Therefore, if the polarization has again become rectilinear after 
a certain number of reflexions effected at the same incidence by 
the same metal, it is because the difference of phase of the two 
rectangular rays has become equal to a multiple of a semi-undu- 
lation, and the whole question is reduced to finding this mul- 
tiple. Now this is very easy. We know, in fact, that after a 


single reflexion, the difference of phase goes on increasing from 


the incidence of 0° when it is nothing, up to that of 90°; there- 
fore, for the angle nearest to 0°, which will restore the polariza- 
tion after (m) reflexions, the difference of phase will be the 


A 4 P A 
smallest multiple (3) ; tor that which comes after, 2 53 and so 
Z 
oh 
we shall have for a single reflexion at the same angles, the fol- 
lowing values of the difference of phase: 


sc dk ee oa, m—1 


m2? m°2? m2 m 


on to that nearest to 90°, where it will be (m—1) Therefore 


The differences of phases will be expressed as a function of 
> by a fraction =, (n) taking all integer values from (1) up to 


(m—1), m representing the number of reflexions. 

_ It follows from this, that (m) and (n) varying, the same value 
of the fraction will be reproduced frequently for different num- 

bers of reflexions: thus, after 2, 4, 6, 8 reflexions, we shall have 
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Wy) Sni4 
2’ 4°6’8 
the corresponding angles of restored polarization ought to be 
sensibly equal. We shall thus obtain numerous verifications. 

We perceive that it is sufficient to measure the incidence of 
restored polarization; as to the difference of phase, it is not 
measured, but is known when the reflected ray has again become 
polarized, and the number of reflexions has been counted. It 
must also be remarked that the azimuth of polarization of the 
incident ray is any whatever: the observed incidences do not 
change when it varies, and the polarizing prism of Nichol may 
be placed as we please. If it be considered that it is always dif- 
ficult to measure with precision the azimuth of the incident ray, 
and that generally the slightest variation in its value alters the 
results which are measured, some importance will be attached to 
a process which leaves this quantity indeterminate, which re- 
quires as an indispensable condition only the parallelism of the 
plates, and which measures only one thing, the angle of incidence 
of restored polarization. ‘This practical simplicity will conduct 
us to results of great accuracy. 

To obtain multiple reflexions, it is sufficient to place two mir- 


the values of the difference of phase, and therefore 


_ rors of the substance to be examined parallel and opposite to 


each other: light is to be made to fall on one of them, which 
will be reflected from the second, come back on the first, &e. 
The number of observable reflexions will evidently depend only 
on the distance of the plates which ought to be variable at plea- 
sure. The following is the arrangement which appeared to me 
most commodious :—The two mirrors are fixed with wax on two 
plates of brass, parallel and vertical ; the first is fixed, the second 
is put in motion by a micrometer-screw, which transports it 
parallel to itself. We may satisfy ourselves of the parallelism of 
the mirrors by bringing them into contact, and noticing if all 
the edges accurately coincide. This little apparatus is placed 


on the centre of the graduated circle, of which I have already 
spoken: it is placed so that the polished surface of the fixed 


mirror passes through the centre of the circle. After having 


been reflected several times between the two mirrors, the ray 


escapes into the air ; but then its direction prolonged, no longer 
passes through the centre of the circle, and cannot traverse the 
moveable tube in the direction of its axis. To remedy this in- 
convenience, I caused the tube to have a horizontal movement 
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of rotation round its support ; a direction may then be given to 
it, in each case agreeing with that of the ray definitively deflected. 
If the plates are sufficiently separated, we perceive the images 
arising from one or two reflexions; and when the mirrors are 
brought near to each other, these images disappear : we see suc- 
cessively those which arise from reflexions in greater number, 
and can easily count them. 

The polarization is never perfectly restored when the incident 
light is white. The inequality of action exerted by a metal on 
the different simple rays of the spectrum renders the images 
coloured, and we can only observe the incidence for which the 
extraordinary image has the minimum of brightness ; but it is ob- 
served that this minimum corresponds exactly to the intermediate 
tint between the deep blue and dull purple. I contented myself 
in the experiments on the silver plate with observing this inter- 
mediate tint (teinte de passage), and taking for the angle of 
restored polarization that for which this tint is a minimum in 
the extraordinary image. Experiment moreover shows that it 
varies in tint so rapidly with the direction of the principal sec- 
tion of the analyser, and that it undergoes for the incidence 
sought, so great a diminution of intensity, that the results lose 
nothing of their explicitness, even when the number of reflexions 
is very great. I have besides made observations with a red glass 
on mirrors of steel, copper and zinc; the results are represented 
in the following tables: it will be observed that the differences 
of phases follow exactly the law of variation which we have 
already recognised in the oxides, and which has been previously 
announced. 
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Silver Plate.—Table of differences of phases: 
4,=71°40 A=36. 


Incidences of restored Differences of phases. 


wt a oe Differences. 
v Observed. Mean. Observed. Calculated. 

5 84 30 | 8430 | 0-833 0-829 | +0-004 
5 83 501) 83 50 | 0-800 0-309 | —0-009 
4 83 50 

5 8137 | 8137 | 0-750 0-746 | +0-004 
3 $1 30)/ 8120 | o714 | 0736 | —0-022 
$ 81 10 

”" 80 20 | 8020 | 0-700 0-709 | —0-009 
2 79 00 

g 79 00$} 79 2 | 0-666 0-674 | —0-008 
3 79 10 

8 7738 | 7738 | 0-626 0-637. | —0-011 
3 77 00 

i ve 95f| 7642 | 0-600 0614 | —0-014 
4 7557 | 7557 | 0572 0595 | —0-023 
$ 7445 | 7445 | 0-575 0567 | +0-008 
os 7405 | 74 5 | 0-545 0-552 | —0-007 
3 72 10) 

2 72 00 

a 71 25 

; 72 15{| 7200 | 0500 0-500 

ee 72 15 

re 72 00 

& 7030 | 7030 | 0-454 0-476 | —0-022 
4 6915 | 6915 | 0-444 0-451 | —0-007 
3 6900 | 6900 | 0-429 0-447 | —0-018 
tt 6725 | 6725 | O-416 0-423 | —0-007 
g 66 381) 6629 | 0-400 0-402 | —0-002 
ts 66 20 

3 6440 | 6440 | 0-375 0375 

+ 6400 | 6400 | 0363 0362 | +0-001 
} 63 00 

é 62 20|| 6231 | 0333 | 0334 | —0-001 
3 62 20 

ts 62 25 ‘ 

to 


60 10 60 10 


0-300 0-307 —0-007 
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Silver Plate (Table continued). 


Incidences of restored Differences of phases. 


ae postiigas Differences. 

iv Observed. Mean. | Observed, Calculated. 

2 5935 | 5935 | 0-286 0-298 | —0-012 

rs 57 40 | 5740 | 0-272 0277 | —0-005 

4 55 20 
2 55 45‘) 5526 | 0-250 0-250 

ra 55 15 

3 5330 | 5330 | 0-222 0-224 | —0-002 

2 50 30 
* 50 45/| 5087 | 0-200 0-200 | 
ry 4800 | 4800 | 0-181 0177 | 40-004 

4 el) a6 36 | 0-80 0-165 

& 46 38 J or 

4 4350 | 4350 | 0-143 0-143 

if 4115 | 4115 | 0-195 0-125 : 
3 3910 | 3910 | O11 | o112 | —0-001 | 
a 3710 | 3710 | 0-100 0-100 
Ea 3540 | 3540 | 0-091 0-091 

3 3515 | 3415 | 0-080 0-082 | —0-002. 


Steel, 2! = 76 ¢« = 57°53.—Differences of phases. 


Incidences of Differences of phases. 
restored. | —— a atterences, 


polarization. | Observed, | Calculated. 


84 00 0-800 0-796 | +0004 


83 20 0:750 0°753 — 0-003 
80 46 0666 0°641 +0-025 
79 00 0-600 0-596 +0:004 
76 00 0-500 0:500 

73 00 0429 0-419 +0:010 
71 50 0400 0:392 +0:008 
70 39 0:375 0365 +0:010 
68 16 0:333 0-320 +0:013 
65 25 0:286 0:271 +0:015 
63:38 0:250 0-250 

61 39 0:222 0-226 —0:004 
58 37 0-200 0-194 +0-006 
55 00 0°180 0-162 +0:018 
51 00 0-143 0°133 +0:010 
49 57 0-125 0:127 —0:002 
46 24 0-111 0°105 +0:006 
45 27 0-100 0:100 

41 53 0-091 0:083 +0:008 
41 13 0-080 0:080 

38 59 0-071 0-071 


Not only does M. Cauchy’s theory make known the intensities 
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of the reflected light, it also shows that two rays of the same phase 
before incidence, polarized in azimuths of 0° and of 90°, after 
undergoing the action of the metal, have a difference of phase 
(8) variable with the incidence, and expressed by the formula 
fan D = tan 2 co miiiene. . oFierrietiewtt > «($(9) 
(w) is found by the equation of condition 
U cosi 
tan wo = raeenaren® 
sin*? 

It is by means of this formula that the numbers calculated in 
the preceding tables have been obtained ; .and the almost perfect 
identity of the theoretical and experimental results can leave no 
doubt as to the accuracy of the formule of the skilful geometer. 
In order to show still more clearly that the agreement is as com- 
plete as possible, we shall observe that in the table relating to 


silver, wherever the fractions have equal values, the cor- 


responding incidences of restored polarization differ among each 
other by very small quantities, often insignificant, and always 
less than thirty minutes. These differences afford us, so to 
speak, a measure of the errors liable to be committed in the de- 
termination of the angles ; and if I add that the numbers in the 
table are the result of three series of experiments, performed by 
varying each time the azimuth of the incident ray, the conviction 
will follow that this limit to error is rarely attained: on the other 
hand, an error of thirty minutes in the determination of the 
angle produces one of only ;3, in the difference of phase; so 
that we may conclude that ;4, is the probable limit of error in 
determining the difference of phase. 

Now, if in the foregoing tables the column of differences be 
examined, it will be found that in more than fifty observations 
there are only three which give a difference of 0°08, eleven amount 
to 0°01, and amongst the rest many are identical, even to the 
thousandth part: the difference between calculation and obser- 
vation is therefore limited to the errors recognised as possible in 
experiment. 
| At the time when I made these experiments I was not aware 
of the formulz of M. Cauchy; and in presenting my results to 
the Academy of Sciences, I had sought to represent them by an 
empirical formula, which, although differing essentially from that 
of M. Cauchy, gives the numerical results sensibly the same. As 
it is very simple, and may be employed usefully in an approxi- 
mative calculation, I shall give it here. 

Put tani, = 2 and sini = nsinr; 

G 2 
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then calculate the equation 
; . cos(1+r 
tan A! = a (Le 

The expression (90° — 2 A’) represents the difference of phase, 
or (8). This formula applies exactly to silver and steel: it also 
represents, with a very satisfactory nearness, the following expe- 
riments performed on two plates of zinc, on which had been im- 
pressed a different polish in the two series of trials to which they 
were subjected, which has changed all the results numerically 
without altering their law. 


First Series.— Zinc, 7, = 77. 


Differences of phases. 

Incidences. |———_______________—_| Differences. 
Observed. Calculated. 
oat 

87 5 0-800 0865 —0:065 
84 10 0:750 0:740 +0-010 
82 7 0°666 0-661 +0-005 
80 7 0-600 0592 | +0-:008 

77 00 0-500 0-500 
72 34 0-400 0397 +0:003 
69 00 0:333 0°332 +0-001 
66 00 0-286 0-288 —0:002 
62 45 0-250 0246 | +0-004 
61 55 0-222 0:237 —0°015 
58 30 0:200 0-201 —0:001 
bed) 0-180 0-172 +0:008 
52 15 0-143 0:149 —0:006 
49 57 0-125 0-134 —0:009 
47 10 0-111 0-117 — 0:006 


Second Series.—Zine, 1, =79°13. 


87 00 0°833 0-329 | +0-004 
86 40 0-800 0313 | —0-013 
86 00 0-750 0-778 | —0-028 
85 00 0-714 0-727 | —0-013 
82 30 0-666 0617. | +0-049 
81 40 0-572 0584 | —0-012 
82 20 0-600 0-611 | —0-011 
82 15 0-626 0-608 | +0-018 
79 13 0-500 0-500 
76 40 0-429 0-433. | —0-004 
76 00 0-444 0-412 | +0-032 
75 00 0-400 0390 | +0-010 
73 5 0:375 0-349 | +0-026 
71 40 0-333 0325 | +0-008 
69 35 0-286 0-288 | —0-002 
69 5 0-300 0-281 | +0-009 
66 48 0-250 0-250 
66 7 0-222 0-241 | —0-019 
60 49 0-200 0-215 | —0-015 
58 28 0°180 0-166 | +0-014 
| 56 15 0-143 0149 | —0-006 
52 40 0-125 0128 | —0-003 
| 51 15 O11] 0-117 | —0-006 


48 47 0100 0-104 —0:004 
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III. Analysis of Light polarized elliptically. 


We have already remarked that light, in being reflected from 
metal, could only suffer alterations of its amplitudes and dis- 
placements of the nodes of vibration. The formule of M. 
Cauchy, which represent with great accuracy the laws of these 
modifications, comprise all the principles of metallic reflexion : 
we are therefore allowed to leave to the calculus the task of fore- 
seeing the phenomena which remain to be studied, if they were 
not interesting in themselves, and if it were not very important 
to verify the theory even in its consequences. With this view, 
we shall begin by causing to be reflected a single time from 
metal a beam polarized in any plane whatever. 

It is known, from the experiments of Sir David Brewster, that 
light ceases to be polarized when it has undergone the action of 
metal; and, according to this theory, this depolarization arises 
from this,—that the vibrations of the ethereal molecules are per- 
formed in an ellipse. We shall endeavour to verify this conse- 
quence experimentally. 

In order to define completely an elliptical oscillatory move- 
ment, the most simple plan is to determine the direction of the 
axes and the ratio of their lengths: this we can always effect by 
the calculus, but it can also be done by experiment. To show 
this, we shall now prove,— 

Ist. That if an elliptical beam be made to fall on a doubly- 
refracting prism, whose principal section is parallel to one of 
the axes of the trajectory, it is decomposed into two rays, whose 
phases differ by a quarter of an undulation, and of which one 
has the greatest possible intensity, the other the least; 

2nd. That if the principal section of the prism is inclined at 
45° to the direction of the axes of the ellipse, the intensities of 
the two images are equal. 

Let (90°—a) be the azimuth of polarization of the incident 


‘Yay, we may replace this ray by two vibrations directed in the 


principal azimuths, and whose amplitudes are sin a and cosa. 
By reflexion, these vibrations will be modified in their phase 
‘and amplitude; and taking account only of the difference of 
their phases, we shall have the following equations for expressing 
the co-ordinates of the vibrating molecules after reflexion: 


x =I cosacos2 7m vibration in the plane of incidence, 
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y = J sinacos (2 or + 2) , vibration perpendicularto plane 


of incidence. To abbreviate, we shall put 


Icosa _ 
Jsina 


cot a; 
and there results, neglecting a constant factor, 


t 
£= COs « COS 27 A 
t . . ,. . (10.) 
y = sin «cos (204 + 2) 


The elimination of the time between these two equations will 
give the equation to the trajectory, which is an ellipse whose 
equation is 
y? a 2 cos8 
oT ay ain alien on, 
sin*a  cos*a sinacosa 
To obtain at the same time the direction and length of the axes 
of the ellipse, we have only to replace the co-ordinate axes by 
another system, making an angle (w) with that to which the 
equation is referred, and to take the condition that the coefficient 
of (zy) may disappear; we shall then have the equation of the 
ellipse 
(sin? « sin? w + cos? « cos? w + 2 sin «cos @ Sin w cos w cos 8) y? 
+ (cos? « sin? w + sin® a cos? w — 2 sin « cos a Sin w cos w cos 2) x? 
= &es, 
and the equation of condition 
tah 2m 2 tan’ 2 céad)) 2.8 oo, GR) 
This latter gives us the direction of the two axes at the same 
time; and replacing (w) by its value in the coefficients of y? and 
x*, we shall obtain numbers proportional, the first to the axis of 
(#), and the second to the axis of (y). 
We shall put 


E ¥ Ke 4 4 
A?=sin2asin?w + cos?a@ cos? + 3 sin?a sin? wcosd...axisofe 


xy = sin*6. 


12.) 
B?=sin?acos?w + cos?esin?w— sin2a sin2wcos6...axisofy } 


Let us now direct this elliptically polarized ray, or which 
comes to the same thing, the two rectangular vibrations (10.) 
upon a doubly refracting prism, making an angle (w) with the 
plane of incidence 02: we shall have, calling (z') the vibration 
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in the direction of the principal section, (y') that in the direction 
perpendicular, 

a = ysinw + £cosa, 

y' = y cosa — xsinw. 
These two vibrations may be written 


x’ = A’cos (on44 ), 
y’ = B’ cos (24 + a"), 


and A!, B’, ', 2” will be obtained according to Fresnel’s rule. 
These quantities will be 
A!? = sin? « sin? w + cos? « cos? w 
+ 5sin 2asin2wcos®.... vibration in axis of a, a) 
B? = sin’ cos? w + cos? « sin? w 


— sein 2asin 2cos8....vibration in axis of y 


sin «sin w sin 


; cose@cosw + sinasinwcosd 
tan 3! = sin « cos w sin 8 


ee tt ee les 
— sinwcose+ sina coswcosd 


These latter formule serve to calculate the difference of phase of 
the two rays; they give 
tan (8! —3") = sin dsin2« 


sin 2 w cos 2 «@—sin2acos2wcoss ’ ( 


14.) 


If we wish to find the direction for which the images are 
maxima and minima, we must differentiate formule (13.) with 
regard to (w); they give 
—cos2asin2 + sin2 «cos 2wcos 4, 

cos 2asin 2 — sin 2acos2wcos6. 


— 


These two differentials being equal, but of contrary sign, we 
conclude that one of the images is a maximum when the other 
is a minimum, and vice versd: and this will hold for the direc- 
tion found by putting the differentials = zero ; which gives 


tan 2 = tan 2 ecos8, 


a relation identical with that which gives the direction of the 
axes of the ellipse. Therefore, 
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Ist. One of the images will be a maximum, the other a mini- 
mum, if we place the principal section of the analysing prism in 
the direction of one of the axes of the ellipse. 

It is to be also remarked that the formulz (12.) and (13.) give, 
for A? and A’? on one side and for B* and B” on the other, equal 
values; therefore 

2nd. The intensity of the vibration in the direction of the axes 
of the ellipse is proportional to the square of their lengths; 
whence it results that, if the principal section of the prism coin- 
cides with the major axis of the ellipse, the vibration in the direc- 
tion of this axis, that is to say the vibration of the extraordinary 
ray, will be a maximum, the ordinary ray being a minimum. 

If we replace in formula (14.) the angle (w) by the value which 
gives the direction of the axes, we find 

tan (8! — 3”) = w or J — o” = 90°; 
that is to say, that 

3rd. Every elliptical vibration may be decomposed into two 
rays, polarized in the direction of two axes, whose intensities are 
proportional to the squares of the lengths of these axes, and 
whose phases differ by a quarter of an undulation. 

Lastly, if we seek the condition which must be satisfied by 
the angle (w) in order that the intensities of the two images may 
be equal, we must put 

AP — RB? =O; 
which gives 
cot 2! = tan 2acosé = tan 2a, 
2w! = 90° + 2a, a.) Wepaoy gees) 
w! = 45° +o 
Thus, 

4th. The two images are equal when the direction of the prin- 
cipal section is inclined at 45° to that of the axes of the ellipse. 

These results may now be transformed into experiments. In 
fact, to obtain the position of the axes of the ellipse, it will suf- 
fice to find the direction of the principal section which gives to 
one of the images the greatest, and to the other the least inten- 
sity ; and if we wish to obtain the ratio of the lengths of the 
axes, we must measure the ratio of the intensities of these 
images. 

The first of these questions being the only one with which I 
have occupied myself, I shall explain how the requisite precision 
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may be given to the experiments. It is clear that in every case 
where the ellipse is not sensibly a straight line, the difference 
between the maximum and minimum will not be very sensible, 
and therefore the direction of the axes will be difficult to find. 
But we may replace this determination by another, by calling to 
mind, that the analyser being inclined at 45° to the direction of 
the axes, the two images are equal: we shall then determine 
this latter direction ; and by increasing or diminishing the angle 
found by 45°, we shall have the position of the two axes. 

But, in order to obtain certain results, it is absolutely neces- 
sary to operate with a light rendered homogeneous by a red glass 
well chosen ; otherwise the two images would always have dif- 
ferent tints, and the process would lose all its accuracy. Let it 
be observed also that there are four directions inclined at 45° to 
the axes, and that for each incidence we may determine the azi- 
muths of equal tints (w), 90° + w, 180° + w, 270° +. These 
directions being once known, those of the axes will be found by 
increasing or diminishing them by 45°. 

In the following tables we have always indicated the azimuth 
for which the extraordinary image is a minimum, which is that 
of the minor axis of the ellipse: this would be the azimuth of 
the plane of polarization if the ellipse degenerated into a straight 
line. 

On the other hand, the direction of the axes of the ellipse is 
given theoretically by the formula 


tan 2 = tan 2acos8, 


calling to mind the equation of condition 


tane = ene a. 


I 


These two formule allow of the angle (w) being calculated as a 
function of a, 8, I and J, for each particular incidence, and ex- 
periment may be compared with calculation. 

I have made three series of observations on mirror-metal in 
polarizing light in the azimuths 20° 15!, 46° and 71° 25’. The 
observations repeated several times have always given numbers 
agreeing with each other, and the mean results are completely 
in accordance with the theory, as the following tables show. 
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Mirror-metal.— Azimuth of the minor axis of the ellipse of 
oscillation of a molecule of ether after reflexion. 


Polarized light in the azimuth 


Polarized light in the azimuth 
of 20° 15’. of 46°. 


Polarized light in the azimuth 
of 71° 35/, 


Azimuth of the small Azimuth of the small Azimuth of the small 


Incidences. 


axis of the ellipse. Differ axis of the ellipse. Differ. axis of the ellipse. 

Observed. |Calculated. Observed. |Calculated. 
Paes Disecrca' ) ee! EY || DCS Mpa | amen 

te] co ‘ ° i ° ‘ ° ul °o i ° ‘ ° 4 

86| +15 11 +15 9/40 2/439 24/+39 29|—0 5) —20 26) —20 45 
84) +12 8|+1212/-0 4|'+86 13)/+35 45|+0 28) —20 0|—20 0 
gal-+ 9 32/4 9 6/+0 26] +32 31/430 54/40 37|-17 46|—18 2 
80) + 6 41|+ 5 54\+0 47) +24 49/423 28|41 21)—14 5|—13 39/40 26 
78| + 3 28|+ 2 51\+0 37|| 414 54/413 33/41 21]— 8 46|— 7 34|41 12 
76} + 012}/+ 0138)—0 1/4 1 39/4 1 45/—0 6|— 1 19] — 0 34|+0 45 
74|— 157) — 2 14|—0 17/| —10 49} —10 46/40 3/4 5 44/4 5 45 
72} — 4 12) — 4 28|—0 16] —19 54; —19 5/40 49) 4 9 59|410 24 
70| — 6 27| — 6 12|40 15) —26 14|-—25 8)/41 6)+413 23) +13 56 
68} — 8 11|— 7 58/40 13|| —29 36) —28 57|+0 39) +15 39/416 14 
66} — 9 23)}— 9 19|/4+0 4] —32 6)|—32 32|—0 26/418 3|+17 57|40 6 


64| —10 23| —10 40|/—0 17] 34 6|—33 49/40 17] +18 55|+18 45|+40 10 
62| —11 39|—11 46|—0 7||—35 40|—35 23|40 17| +419 24] 419 28 
60| —12 43|—12 42|4+0 1|/—36 49|—36 47|40 2|419 46/419 54 
58) —13 30| —13 32|—0 2] —37 48|—38 9|—0 21] +19 50|+20 10 
56|—14 2) —14 27|—0 25/38 53|—39 2|-0 9|+420 00| 420 15 
420 0 


Not only is it interesting to know the direction of the axes of 
the ellipse, inasmuch as it furnishes us with a verification of 
theoretical formulz, but the determination alone of this unknown 


2 


quantity will give us the ratio of the intensities = of the rays re- 


flected in the principal azimuths. 
Let us call to mind that the azimuth of the principal section, 
for which the two images are equal, is given by the formula 


cot2a 


tan 20! = — ——_. 
cos é 


i. ky 
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Developing cot 2 « and replacing («) by its value, we obtain 


2cot Stan 2a! = — — F cota. DP Seiprevyori (AF) 
J cot a 
This formula contains two unknown quantities, ¢ and which 


J 


experiment does not make known; and if we wished to employ 
it to determine one of the unknowns, it would be necessary to 
know or to eliminate the other. But we are able, by varying 
the experiment a little, to bring this equation into a much sim- 
pler form, and independent of the unknown quantity (8). 

We observe, in fact, that of the two angles (a) and (w'), one is 
arbitrary. Up to the present time we have polarized the light 
in an azimuth (90° — a), which we were at liberty to choose at 
pleasure: we caused the doubly-refracting prism to be turned 
so as to render the two images equal, and we measured the azi- 
muth (w’). We may now do the contrary; that is to say, first 
place the doubly-refracting prism in an azimuth (w’), constant 
for all the experiments, but any whatever ; turn the polarizing 
prism of Nichol, and measure at each incidence the azimuth 
of polarization (90° — a), for which the two images are equal. 
Amongst all the values which I might give to (w') I choose 
w! = 0, that is to say, I place the principal section of the doubly- 
refracting prism in the plane of incidence. The formula becomes 
then 


or 

: = tan (90° — a). 
The difference of phase is then eliminated, and we arrive at this 
remarkably simple result :— 

The ratio of the square roots of the intensities of reflected rays 
polarized in the plane of incidence and the plane perpendicular, 
is equal to the tangent of the azimuth of the polarization of the 
incident ray, for which the two images are equal. 

This method does not yield in accuracy to any of those which 
we have described already; it does not employ, in fact, any in- 
termediate body; requires only a single reflexion ; allows of the 
use of a simple light, which removes the liability of error arising 
from the unequal refrangibility of the rays constituting white 


light; and finally, it determines the angle sought (a), not by 
measuring the azimuth of polarization of a ray, which is always 
very uncertain, but the azimuth for which two tints are equal, 
which is infinitely more exact and more sensible. 
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Mirror-metal.— Ratio of the square roots of the intensities of the 


re : 
reflected light Tt)" 
Angles Report (2). 
Incidences. observed. Differences, 
ae Observed. Calculated. 
° o WV. 
86 50 20 1-206 1:230 —0-024 
84 52 37 1-357 1327 +0-030 ’ 
82 54 43 1-413 1-419 —0:006 . 
80 55 41 1-465 1-476 —0-011 
78 56 1 1-483 1-507 —0°024 
76 56 40 1:520 1515 +0:005 
7A 56 15 1-497 1502 | —0-005 
72 55 37 1-461 1-463 — 0-002 
70 55 23 1:448 1-451 —0:0038 
68 54 50 1-419 1-421 — 0-002 
66 54 22 1-395 1-402 —0:007 
64 53 45 1-364 1357 +0:007 
62 53 22 1-344 1°329 +0°015 
60 52 24 1-298 1:301 — 0-003 
58 52 00 1-280 1275 +0-005 
56 51 36 1-261 1:236 +0:025 
54 50 45 1-224 1-228 — 0-004 
52 50 20 1-206 1-206 
50 49 52 1:186 1:187 —0-001 
48 49 29 1-170 1169 +0-001 
46 49 5 1154 1152 -+0:002 
44 48 48 1-142 1:150 —0:008 
42 48 20 1:123 1:123 
40 48 10 1-117 1110 | +0-007 
38 47 35 1-094 1:097 — 0-003 
36 47 22 1-088 1-086 +0:002 
34 47 6 1:076 1-076 
32 47 00 1-072 1-066 +0-006 
30 46 48 1:065 1-058 +0:007 


I shall terminate this chapter by some remarks on the pub- 
lished labours of M. de Sénarmont (Annales de Chimie et de 
Physique, 2° série, tome Ixxiil. page 337) *. 

This experimenter caused to be reflected from metal a ray 
polarized in any azimuth whatever ; he received it afterwards on 
a plate of mica of such a thickness, that the two principal rays 
acquired in traversing it, a difference of route equal to a quarter 


* In the Memoir of M. de Sénarmont not one of the names of his predeces- 
sors in this inquiry is mentioned except that of Malus !—Ep. 
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of an undulation, and he placed the principal section of this plate 
in a direction (w) which restores the rectilinear polarization. It 
is hence clear that the experiment amounts to this :— 

The ray elliptically polarized by the metal decomposes itself 
into two beams polarized in planes parallel and perpendicular to 
the principal section of the thin plate; the calculation of the in- 
tensities and of the phases of these rays has already been pre- 
viously effected ; the difference of route is expressed by the for- 
mula 

sin dsin2 a 


ee : — ete . 
ee eating) sin 2 cos2a— sin2acos2wcos8 (14.) 


In traversing the thin plate, these two rays acquire, in conse- 
quence of the thickness traversed, a new difference of phase equal 
to a quarter of an undulation, or to 90°, which is added to the 
former, or subtracted from it. Now, in order that the polariza- 
tion may be restored, it is necessary that the sum obtained should 
equal 0° or 180°, which cannot take place unless (8/—38") is 
itself equal to + 90°; this determination amounts then to the 
investigation of a direction for which the two rectangular rays 
into which the ellipse resolves itself, have a difference of route 
equal to a quarter of an undulation ; this direction is that of one 
of the axes of the ellipse; it is obtained by putting 
tan (3'—3") = wo, whence tan 2w= tan 2«cos8. 

To obtain the intensities of the rectangular rays in the direc- 
tion which we have found, it will suffice to calculate A’? and B? 
in the formule (13.), replacing (w) by its value, and these inten- 
sities will be proportional to the lengths of the axes. 

In the experiments of M. de Sénarmont, the difference of 
phase being reduced to zero and the polarization being restored 
by the superposition of two rectangular rays whose intensities 
are A” and B”, the azimuth of restored polarization is given by 


the formula 
! 


tan B = Br 

Thus the experiments of M. de Sénarmont measure two azi- 
muths :— 

1st. The azimuth of the principal section of the plate of mica, 
that is the direction of one of the axes of the ellipse : 

2nd. The azimuth of restored polarization, and the tangent of 
this angle expresses the ratio of the lengths of the axes of the 
ellipse of oscillation. 
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It has appeared to me useful to point out the theoretical 
meaning of these two determinations, which define completely 
the elliptical movement of the ethereal particles after metallic 
reflexion. It would have been still more interesting to compare 
the theory with experiments; unfortunately, these do not appear 
to be sufficiently accurate, practical difficulties, which M. de 
Sénarmont has himself recognised, impairing the observations 
and rendering them often impossible. 


IV. Phenomena presented by multiplied reflexions. 


Although I have already spoken of multiplied reflexions whilst 
treating of difference of phase, it remains nevertheless to be 
shown, that all the circumstances of these experiments are easily 
foreseen and calculated: this I shall do, commencing with the 
case in which the reflecting surfaces are parallel. 

It will be remembered that several reflexions, even or uneven in 
number, are capable at certain incidences of restoring plane po- 
larization ; it will also be recollected that if the incident ray is 
polarized in a certain azimuth, to the left of the plane of inci- 
dence, for example, the reflected ray regains its polarization, 
sometimes to the right, sometimes to the left of this plane ; and 
lastly, it is also known that the azimuth of the restored ray is 
always less than that of the incident ray. There are then, as 
will be seen, three points to be examined in this phenomenon ; 
namely, 

Ist. The incidence for which the polarization is restored ; 

2nd. The direction of the azimuth of the restored ray ; 

3rd. The absolute value of this azimuth. 

We shall pass these successively under review. 

lst. We may always calculate the angles for which, after a 
single reflexion, the differences of phases are 

a 2 3m (m—1)t ma 


ie) re ~o' « 2) > . 
ae ee Ga e ae 


In fact, the formulz for the difference of phases being 


tand=tan2wesinu, tanw = ve 
sin? 2 
if we replace successively (3) by the (m-+1) preceding values 
in these equations, they will make known the (m-+1) values of 
(i), of which the first is 0°, the last 90°, for which the difference 


of phase is equal to the preceding quantities. By reflecting 
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light (m) times at these incidences, the differences of phase will 
be multiplied by (m), and will become 
O, 9H Baw SAA’ weds coe MT. 

These will therefore be (m+ 1) incidences if 0° and 90° be taken 
into the account, or (m—1) between these limits, for which the 
polarization will be restored, and which we can calculate from 
the theoretical formule. We observe further, that there cannot 
be more of them ; for in order that the polarization may again 
become plane, it is necessary and it is sufficient that the differ- 
ence of phase be equal to a multiple of (7); since it varies from 
O to z between the limiting incidences for a single reflexion, it 
will be comprised between 0 and mz after (m) reflexions, and 
between these numbers (m—1) multiples, only, of (7) can be 
found. There will therefore be only (m—1) angles of restored 
polarization between 0° and 90°. These theoretical consequences 
are exactly in accordance with facts, the first point is therefore 
completely disposed of. 

2nd. It will not be difficult to foresee the direction of the azi- 
muths of polarization. 


- 
Y- 


B’ A B 


Suppose the vibration of the incident ray to be performed in 
the direction A D; it will be decomposed into two vibrations in 
the two principal planes A B, A C. After (m) reflexions, when 
the polarization will be restored, the phases of the two compo- 
nents will differ by a multiple of a semi-undulation ; if this mul- 
tiple is even, the difference is a whole number of undulations: 
the vibrations are in the same condition as if it were nothing, 
they agree as before reflexion, and their resultant will lie in the 
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angle C A B; in this case, the restored ray will be polarized on 
the same side of the plane of incidence as the incident ray. 

If the multiple is uneven, the component vibrations have a 
final difference of route equal to a semi-undulation; they are 
discordant, and the restored vibration will take place in the angle 
B! A’ C’, or CA B’. The direction of its polarization therefore 
will be changed. 

Thus, for angles which, after (m) reflexions, will give between 
the principal rays differences of phase equal to 
2A 4A 6A 
i ee 
the restored ray will be polarized to the right of the plane of in- 
cidence, if the incident ray was polarized to the right. 

But if the differences are 


A An sid 
Sil? ie 


0, 


eee 


the plane of restored polarization will be the left of the plane of 
incidence. 

Therefore, for the angle nearest to 0°, the polarization will be 
restored to the left ; for that which comes next, to the right ; and 
so on alternately to the last. 

It is as well to remark, that these two data, the angle which 
restores the polarization, and the direction of the azimuth of the 
restored ray, depend absolutely only on the difference of phase 
of the rays polarized in the principal planes. We shall soon see 
that the azimuth of the restored ray depends only on their in- 
tensity. 

3rd. The incident ray being still polarized in the azimuth of 
(90°—a), it is decomposed into two others whose amplitudes are 
cos a and sin a; after the first reflexion they become 

I cosa, vibration in the plane of incidence, 
J sin a, vibration perpendicular. 
A second reflexion will cause them to undergo proportional 
changes; they will become 
I?cosa, J*sina. 
They will be finally, after (m) reflexions, 
I” cos a, and J” sin a. 
And if the polarization is restored at a certain incidence, the 
- cotangent of the azimuth of vibration, or which comes to the 
same thing, the tangent of the azimuth of restored vibration, will 
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be expressed by the ratio of the vibration in the plane of inci- 
dence to the vibration perpendicular, and we shall have 


eon = I cos @ _ (5) ee 
~ JI"™sina \J : 


Thus, in order to obtain, after (m) reflexions, the tangent of re- 
stored polarization at a given angle, we should have to calculate 
for this incidence the ratio 7 raise this ratio to the mth power, 
and multiply it by the tangent of the azimuth of the incident ray. 
Let us revert to a remark already made: the incidence of re- 
stored polarization depends only on the difference of phase ; its 
azimuth, only on the ratio of the intensities. Too much im- 
portance cannot be attached to this phenomenon of restored po- 
larization, which is the result of two modifications in the light ; 
a change of phase and a modification of amplitude, in which 
there are two things to be measured, an incidence and an azi- 
muth, which are separate functions of the difference of phase and 
of the ratio of the intensities of the principal rays; so that the 
observation of the incidences has served us to determine the 
phases, and that of the azimuths might, if we had not other 
means, have led to the discovery of the ratio of the intensities. 
_ This phenomenon therefore suffices for the determination of all 
the elements of metallic reflexion. 

The experiments of Sir David Brewster verify the consequences 
of the theory tor the particular case where the incidence is that 
of maximum polarization ; on this subject I shall refer the reader 
to the memoir of M. de Sénarmont. I have thought it right to 

make new experiments on a metal hitherto not tried, namely 
copper, to determine at the same time the incidences and the 
azimuths of restored polarization for all the numbers of reflexion 
Possible, and to calculate theoretically the results. Although one 
_may be sure beforehand, of finding experiment and calculation 
agree, this last verification was not without its use, 
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Copper.—-Angles and azimuths of polarization restored by 
multiplied reflexions. 


(The azimuth of the incident ray is 45°.) 


Angle of restored Azimuth of restored 
ee Bieta. Differences. ne Differences. 
Observed. |Calculated. Observed. |Calculated. 
6 |8333 |.8414 | —6 41 | —29 40] —29 57| -6.17 
4 81 0 | 80 '52'| +0 8: | —30 '3) —31° 36) €1°93 
6 77 401| 77 9g | +0 7 |+22 35/422 6] +0 29 
3 738 0 +0 27 |+32 20|+32 30| —0 10 
10 74°25 | \\74' 42°) 20 17°) F195 | 4-12" 7 | 0756 
| i aa 70 9 0 9 |—34 0|/—83 15 | +0 45 
4 70 54 +0 54 |+4+22 30}+23 16| —0 46 
6 70 0+ 70 0 —16 0|~-15 45| +0 15 
8 | 69 40 —0 20 |+11 35/+410 28|41 7 
10 70 0 — 635/— 7 0| —0 25 
10 | 6440 | 64 28 | +012 |+13 30/413 42] —0 12 
6 | 60101) gy 5 | +0 5 | +24 45/425 3) -0 18 
3 60 40 +035 | —33 15|—34 91) —1 6 
10 | 5740 | 57 37 | +0 3 |-16 0|—16 57| —0 57 
| 4 | 55 51) 55 94 | —0.19 | -81 30) —32 54| —1 24 
feerg abel S =0 6 | +22 35) +2249 /=0 7 
| 10 | 4940 | 48 40 | +1 0 | +28 30|+423 29) +0 1 
6 (45 0 | 4456 | +40 4 |-—34 0|—33 13| +0 47 
8 | 4210 | 43 39 | —1 29 | —30 15| —30 27| —0 12 


The last experiments which we have to examine are those in 
which the two planes of incidence make with each other a deter- 
minate angle (»). Sir David Brewster caused the light to be re- 
flected from the first surface at a determinate and constant angle, 
then he sought by experiment for the incidence at which it was 
necessary to reflect the light from the second plate in order to 
restore the polarization: these are the experiments which Sir 
David Brewster has represented by an empirical construction, 
highly ingenious no doubt, but without any theoretical explana- 
tion (the complements of the angles of incidence on the second 
surface were made equal to the radii vectores of an ellipse): it 
will not be useless to show that in this latter case also, the theory 
is perfectly accordant with the facts. 

The calculation made, pages 86 and following, applies here 
without its being necessary to change anything in it. An inci- 
dent ray polarized in the azimuth (90°—a) was reflected at the 
first metallic plate at a given incidence; it produces, after req 
flexion, two beams polarized in the principal azimuths, repre- 
sented by the formule 


an 
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t 
#& = cosaecos27 . 


y = sin «cos (i + i). 


These two beams fall on the second surface whose plane of 
incidence makes an angle (w) with the first; they give rise to 
others, polarized in the principal planes of the new plate, and 
whose vibrations are represented by 


a! = A! cos (74 + i), 


yi= B’ cos (2-4 + a), 


and the difference of phase of these rays will be expressed before 
the reflexion at the second plate by the formula 


ind sin 2 « 
an oe sedan -3 (12 
oa ah sin 2wcos2a— sin2acos2wcosé i) 


We have thus decomposed the ray which has been reflected, 
a first time, into two beams polarized in the principal planes of 
the second reflecting surface; they have, before the reflexion, a 
difference of route (8! — 2"), and, by the act of the second reflexion, 
they acquire a new difference of phase (2), which is added to the 
former and gives a total 3’—8"+¢!". In order that the ray may 
then be rectilinearly polarized, it is necessary and it is sufficient 
that #’—8!+8"=-, which gives 8!=a—(8!—8"). We may cal- 
culate by formule (9.), what is the angle of incidence on the 
second surface which is capable of producing this difference of 
phase, and it will remain to compare experiment with the cal- 
culation. 
This comparison has been made for two tables extracted from 
the memoir of Sir David Brewster, pages 304 et seg. (Philoso- 
_phical Transactions, 1830.) In the first, relative to silver, the 
incidence on the first surface is 80°. The angles of the 
two planes of incidence are written in the first column, and in 
_ the following are placed the complements of the incidences which 
| restore the plane polarization. The differences between calcula- 
tion and observation will be found to be very slight, if we pay 
attention to the difficulty which must be met with in measuring 
exactly the azimuths and incidences in such complicated expe- 
riments. 


H 2 


100 JAMIN ON METALLIC REFLEXION. 


Experiments of Sir David Brewster on Silver. 


Incidence, 80° on the first surface. 


Dilferendesd of Cemeploment of iam ee which 
| restore, by a second reflexion, 
iad abner uf Leal avs the rectilineal polarization. Differences. 
incidence. | to the second 
incidence. Observed. Calculated. 

49000 | 5419 10 00 9 24 +0 36 
78 45 57 51 | 10 00 9 53 +0 7 
67 30 66 26 1] 32 1l 37 —0 05 
56 15 79 56 | 14 20 14 33 —0 13 
45 00 96 7 | \18 20 18 37 -—0 17 
33 45 110 40 | 21 13 231 —1 48 
22 30 120 30 25 20 26 32 -112 
11 15 125.25 | 26 55 28 29 —1 34 

0 00 125 41 | 28 2 | 28 37 —0 35 

—11 15 122 90 | 24 40 26 30 —1 50 

—22 30 113 34 | 21300 | 2859 —2 59 
383 45 100 4 16 40 19 44 —3 4 
45 00 83 53 14 35 15 28 —0 53 
56 15 69 19 11 10 12 12 —-1 2 
67 30 59 30 10 00 11 15 —1 138 
78 45 5435 | 1000 915 +0 45 
90 00 54 19 10 00 9 24 +0 36 

Incidence, 68° on the first surface. 

+000, 71 38 13 00 12 42 +9 18 

+11 15 74 54 14 00 13 24 | +0 36 

+22 30 80 31 15 15 14 41 +0 34 

+33 45 87 53 16 00 15 58 +0 02 

+45 00 | 9528 | 17 00 18.27. | —127 

+56 15 102 22 19 00 20 25 —1 25 

+67 30 106 49 20 00 2142 | —142 

+78 45 108 57 20 00 22 00 —2 00 

+90 00 108 20 20 00 2215 | —215 

—78 45 | 107 33 18 00 2114 | -—3 14 

—67 30 105 60 16 30 1930 | -—3 00 

—56 15 99 28 15 30 1732 | —2 2 

—45 00 92 60 14 30 15 38 —1 8 

—33 45 | 8431 14 00 14 00 

— 22 30 77 37 13 30 13 2 | +0 28 

—11 15 73 10 13 00 1237. | ~+0 23 

— 0 00 71 3 13 00 1242 | +018 

1 


| | 


I have proposed to myself, in this memoir, not only to make 


known the experiments which belong to myself in particular, 


but also to recapitulate those due to experimenters who have 
preceded me in these researches, and to show that, thanks to 
the mathematical investigations of M. Cauchy, the question of 
metallic reflexion is at the present time completely settled. 
There remain yet numerous experimental researches to be made, 
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and, if they are easier, they are not the less important. There 
must be sought, for each metal, the values of the constants, and 
the manner in which they vary with the circumstances which 
modify the polish, density, and molecular state of the body, 
must be determined: further, the different simple colours of 
the spectrum should be employed, and the laws of the in- 
equality of action produced in them by metals, investigated. 


Conclusions. 


The memoir which I present has for its object to determine,— 

lst. The intensity of the light reflected from polished metals, 
when the incident ray is polarized in the azimuths of 0° and 90°. 

2nd. The ratio of these intensities, by a different process. 

3rd. The difference of phase of these rays, after reflexion. 

4th. To show that the results of experiment are perfectly re- 
presented by the mathematical formule of M. Cauchy. 

5th. To investigate, after reflexion from a metallic mirror, the 
direction of the axes of the ellipse in which the molecules of 
ether vibrate, when the incident ray has been polarized in any 
azimuth whatever. 

6th. To determine, by calculation and experiment, the inci- 


-dences for which the polarization becomes again rectilinear after 


a certain number of reflexions from parallel plates. 

7th. To find the azimuths of restored polarization under all 
incidences. 

8th. To investigate the value of the angles of restored polari- 
zation when the two planes of incidence are inclined to each 
other, and the incidences on the two mirrors are unequal. 


ARTICLE IV. 
Researches on the Electricity of Induction. By H. W. Dove*. 
{Memoir read before the Academy of Sciences of Berlin.] 
Introduction. 


THE following researches were undertaken with a view to ascer- 
tain the effect produced by the division of a massive bar of iron 
into bundles of wire, and by the different modes of magnetizing 
the same upon the electric currents that are induced by it in 
the wire which surrounds it. Bachhoffner and Sturgeon} have 
shown that the shocks on opening a galvanic circuit is much 
more increased by the insertion of bundles of iron wires into the 
spiral coil forming part of the circuit, than by the insertion of 
iron in the form of a solid bar. The manner in which the extra 
current is produced can only be investigated by its physiological 
action and by the brilliancy of the spark which appears when con- 
nexion is broken in the completing wire. Besides, three actions 
concur to produce the latter, namely, the spark of the primary 
galvanic current, its augmentation by the action of the spiral 
coils of the completing wire upon each other, and the effect 


arising from the magnetism becoming evanescent in the inserted — 


iron. Inthe production of the physiological effects the two latter 
causes alone concur, for a galvanic circuit which is closed by a 
short straight wire communicates no shock on breaking. By 
examining the secondary current instead of the extra current, 


i.e. by allowing the spiral coil terminating the galvanic circuit — 
and surrounding the bundle of iron wire to act upon another | 
wire not in contact with but parallel to it, I was enabled to © 
investigate the resulting current by other rheometrical means — 


besides sensation and the vividness of the spark. All that now 


remained to be done was to retain in the result the action of the ~ 


evanescent magnetism alone, and this I obtained by constructing 
a differential inductor, in which two equal spiral coils imter- 
posed in the circuit acted upon ¢wo equal secondary coils, which 
being connected crosswise together, completely neutralized each 


* The Editor is indebted to Dr. E. Ronalds for the translation and to Prof. 
Wheatstone for the revision of this memoir. 
+ Annals of Electricity, i. p. 481. 
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other’s action. The disturbance of equilibrium on the introduc- 
tion of iron into one of the previously empty coils, must there- 
fore be the effect of this iron alone. The results which I ob- 
tained when the primary current was that of a galvanic circuit, 
or of a thermo-electric circuit, | presented to the Academy on the 
24th of October 1839. They were of such a nature as to make 
it appear desirable that the experiments should be extended to 
other modes of magnetizing the iron than by the current of a 
galvanic circuit. The results obtained by the discharge of an 
electric battery were laid before the Academy on the 28th of 
October 1841, those obtained by approaching the iron to a mag- 
net on the 18th of April 1842. By means of this last method of 
magnetizing, similar experiments could be instituted upon the 
primary extra current. The increased physiological action of 
secondary currents of higher orders by means of bundles of iron 
wires, was lastly the subject of a memoir laid before the Aca- 
demy on the 11th of August, 1842. All these researches, form- 
ing together a complete whole, are here collected, with the 
consent of the Academy, into one memoir, in which that order 
has been followed which appeared to show the subject in the 
clearest light; the order in which they were first published will 
appear by the reports of the Academy*. 

It is well known that electric currents of different origin 

* Upon a magneto-electric apparatus for producing induced currents of equal 
intensity in wires completely separated from each other, and upon the applica- 
tion of mutually compensating coils in general. 1838, pp. 21 and 95. 

Upon the relation of gray and white cast iron to malleable iron, to hard and 
soft steel with reference to the phenomena of induction which they produce. 
1839, p. 72. ; 

Upon magneto-electrical currents, which, when in equilibrium as regards the 
galvanometer, produce powerful shocks upon the human body, and, on the con- 
trary, when their physiological action is mutually compensated, powerfully 
affect the magnetic needle. 1839, p. 163. 

Upon the induced currents excited on magnetizing iron by means of fric- 


tional electricity. 1841, p. 296. 
Upon the extra current at the commencement and close of a primary current. 


1842, p. 99. 


Upon the induced electric currents caused by the approach of massive iron 
or of a bundle of iron wire to a steel magnet. 1842, p. 112. 

Upon the electric currents which the evanescent magnetism of electro- 
magnetized rods of iron or bundles of wires induces when the current which 


_ magnetizes them is produced,— 


1. By the approach of a closed copper wire to a steel magnet ; 
2. By the approach of soft iron to a steel magnet; 
3. By the combination of both agencies by means of Saxton’s machine. 
August 1842. 
Upon the action of iron rods and bundles of wires upon induced currents of 
higher orders. August 1842. 
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cannot be determined to be equal when they cause the needle 
of the same galvanometer to deviate in the same degree, for 
according to Ohim’s theory, the intensity of a current is equal 
to the electromotive force which produces it, divided by the re- 
sistance to conduction of all the parts through which the cur- 
rent passes; therefore, in the case where the resistance to con- 
duction, a part of which only is due to the wire of the gal- 
vanometer, is unequal, a like amount of deviation in the needle 
of the galvanometer must prove an inequality to exist in the 
electromotive force. This inequality must become apparent 
if the resistance of both currents is increased or diminished in 
the same ratio. In this manner it is explained, for instance, 
why a thermo-circuit and a galvanic circuit, both equally affect- 
ing a galvanometer, have a very different effect when a fluid is 
interposed in the connecting circuit. The same reason explains 
why a voltaic pile and a galvanic battery, which have a like 
action upon the galvanometer, produce very different effects upon 
the human body or in a decomposing cell. But if the resistance 
to conduction is the same for both currents, if, for example, 
they both pass through the same conductor, and produce the 
same deviation in the galyanometer, then an equal amount of 
electromotive force must be ascribed to both. If these currents 
produce different effects in cases where the resistance to con- 
duction, on being changed in an equal degree in both, still re- 
mains the same, this difference can no longer be attributed to a 
difference in the electromotive force, but some other cause must 
be sought to explain it. 

If an electric current is understood to be the equalization of 
an electric antagonism, however this may have been caused, then 
there are two things to be considered,—the original force of this 
antagonism, and the ¢ime which is required completely to equal- 
ize it. Differences in the action of two currents, which have been 
produced by the equalization of an equal amount of electric 
antagonism, must therefore be ascribed to the difference of time 
in which this equalization is effected. 

If the magnetic, chemical, physiological and calorific effects of 
an electric current depended equally upon its power and dura- 
tion, then two currents, known to be equal in one of those re- 
spects, should likewise be equal in the other three. This however 
is not the case. 

With regard to the relation between the galvanometric effect 
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of a current and its chemical action, we may consider it proved 
by the experiments of Pouillet*, Jacobit, and Weber ¢, which 
directly confirm Faraday’s law for constant electrolytic action, 
that with electric currents produced by galvanic means, the 
decomposition of water in a given time is proportional to the 
constant power of these currents as it is indicated by the mul- 
tiplier§ during that time. From two currents therefore, which 
are known to be galvanometrically equal, we may expect an 
equal amount of chemical action. 

In the phznomena of induction, up to the present time, the 
cause of an increased physiological action has been ascribed to 
a larger quantity of electricity in motion which produced it, and 
hence it has been indirectly assumed, that in magneto-electric 
currents the physiological action is proportional to the deflection 
of the needle of the galvanometer, and to the volumes of the 
gases in the voltameters. With the electricity of the electric 
machine, a difference has long been observed in this respect ; for 
the discharge of a Leyden jar, which will communicate a power- 
ful shock to the human body, is not capable of deflecting the 
magnetic needle, and only acquires the power of doing so when 
a wet string is interposed in the connecting circuit, and its resist- 
ance to conduction is thus increased. When this is done the 
physiological action decreases in a remarkable manner, whilst 
the dazzling white light of the spark is changed to a yellowish- 
red colour. The shock is as completely prevented when the one 
coating of the jar is held in the hand and a point which is lu- 
minous with a bluish light in the dark is gradually approached 
to the other, or, as Lord Mahon states, when the jar is dis- 
charged by a piece of ivory. In this case of gradual discharge 
by the approach of a point, there occurs, as Colladon first 
showed ||, an action upon the magnetic needle. Suppose the 
electricity of both coatings were divided between two electro- 
meters, of which the leaves of the one diverged as many degrees 
positively as those of the other diverged negatively, then, if both 
were connected by a conductor when the leaves s/owly collapsed, 


* Comptes Rendus, v. p. 785. 

¢ Bulletin Scientifique de ? Académie de St. Pétersbourg, 1839, p- 354, 

t Resultate des Magnet. Vereins, 1840, p. 96. 

§ Whether it be a sinus compass, or a tangent compass, or a coil of wire 
suspended in the manner of a bifilar magnetometer and directed by the ter- 
restrial magnetism. 

|| Annales de Chimie et de Physique, xxxiii. p, 62. 
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a magnetic needle placed near the conductor would be deflected, 
but a human body causing the neutralization would not suffer 
any shock ; if the leaves collapsed suddenly, on the contrary, a 
shock would be felt, whilst the magnetic needle would remain 
unmoved. 

To these differences between the physiological and galvano- 
metric action of the same quantity of electricity, according as it 
circulates more or less quickly through a conductor which have 
here been established, others may be added. In the electric 
currents produced by the motion, of a closed conductor in the 
proximity of a magnet, the power is directly proportional to the 
velocity, the duration is inversely as the velocity ; the tendency 
of a needle to move when placed in any fixed direction with 
respect to the coils of the multiplier during the continuation 
of the current is therefore entirely independent of the velocity, 
as Gauss has already shown*. The physiological impression is 
however not a product of the power and the duration, but is 
chiefly determined by the former: it increases therefore with the 
velocity of the motion, without affording to the person suffer- 
ing the shock, by the shorter duration of a painful sensation, a 
full compensation for its increased acuteness. 

Similar determinations to those relating to the physiological 
action of the current are likewise available for its property of 
magnetizing hardened steel; for if a Leyden jar be gradually dis- 
charged by a point or a rod of ivory, according to Seebeck’s ob- 
servation}+, the magnetism produced in a steel needle by the 
connecting wire is either quite imperceptible or much less in- 
tense than when the discharge is effected in the usual manner 
by a discharger ending in a knob. 

When therefore, of two currents produced in the same con- 
ductor, one of which has been induced by an electro-magnetized 
bar of iron, the other by an electro-magnetized bundle of wires, 
and both causing the same deviation in the galvanometer, the 
latter exhibits more powerful physiological action and more vivid 
sparks than the former, and at the same time magnetizes steel 
more intensely, we may conclude that in the latter an equal 
quantity of electricity is passing in a shorter time than in the 
former, and, on the contrary, the physiological and magnetizing 
action of both currents being equal, that that one which affects 


* Schumacher’s 4stronomisches Jahrbuch, 1836, p. 42. 
+ Magn. d. galv. Kette, p. 45; Abhandlungen der Berliner Akademie, 1821. 
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the galvanometer least must possess an increased velocity in pro- 
portion to its decrease of power. 

I shall now first illustrate the apparatus which was made use 
of in the experiments by a simple figure, and then proceed to 
the more accurate description of it. 


1. Principle of the Differential Inductor. 


1. When an electric current is excited in two similar wires, a } 
and ¢d (Plate I. fig. 1), which are connected with each other by a 
wire 6c, this current will produce on being discontinued a second- 
ary current in the same direction as the first, in two wires a6 
and y8 placed parallel to the first two. If these wires however 
are connected crossways, i. e. (fig. 2) « with y and 6 with é, then 
the currents induced in « 6 and y@ by the primary current a 4 will 
flow in contrary directions, and if they are equal will completely 
neutralize each other. But if at the side of ad a second closed 
wire ef gh (fig. 2) is placed, the current induced in it reacts 
upon a@ 6 andra 8, and acts ina re¢arding manner as it is passing 
in the same direction as the currents in a) and «f, ie ina 
manner to weaken them for all the tests, which, the quantity of 
electricity being the same, are less affected when it traverses the 
wire in a longer than when the same occurs in a shorter time, 
therefore weakening with reference to the physiological action 
and to the magnetizing of steel, whilst the effect upon the galva- 
nometer and the property of magnetizing soft iron are not changed 
by it. The phznomena of induction with relation to these tests 
which arise from the presence of e fg / in the wire « 6 y 8, after the 
equilibrium of the current is destroyed, will appear from this to 
be caused by a current passing in the direction from £ to a, as 
the unretarded current induced in y3 by cd preponderates over 
the current induced in « 8 by a 4, but which is retarded by efg h. 
These phznomena of induction must also be solely ascribed to 
the action of efgh upon «8, as the direct action of a4 upon 
a B is not lessened by the presence of e fg h, as is obvious from 
the principle of multiplication applicable in the case of induc- 
tions with superimposed coils of wire. 

2. If instead of the endless wire e fg h a rod of iron s n (fig. 2) 
is substituted at right angles to the plane of the wire, it will be 
magnetized by the primary current. The evanescent magnetism 
of this rod of iron when the primary current a 4 is discontinued, 
induces in like manner a current in «8, which is moreover in a 
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like direction to that excited in «6 by the electrical current 
existing in ad at the moment of its cessation. The equilibrium 
of the currents which previously existed ina 6 y2? is therefore 
also destroyed, but the resulting current, even for all methods 
of trial, will exhibit an opposite direction, namely from « to- 
wards 8; for now the augmented « 8 will preponderate over y? 
which has not been augmented. Let us suppose, lastly, the 
electro-magnetized bar of iron s” surrounded by a conducting 
wire ef g h, then in consequence of the evanescent magnetism in 
sna larger quantity of electricity will be put in motion in the 
wire «6 than in the wire y®; but as an electric current is si- 
multaneously excited in ef'gh this quantity of electricity will 
move more slowly than the lesser quantity in the wire v2. 

Here three different cases are possible : 

1. The augmented quantity of electricity may increase 
some particular action of the current more than the retar- 
dation of the current diminishes it. 

2. The increased action caused by the augmentation of 
the quantity of electricity may be exactly compensated by 
the retardation of the current. 

3. The retardation of the current may diminish some par- 
ticular action more than the augmentation of the quantity 
of electricity increases it. 

In the first case, the current will be directed from a towards 
B; in the second, the equilibrium of the currents will remain sta- 
tionary; and in the third, the current will flow from £ to- 
wards a. When the primary current which magnetizes the iron 
is that of a galvanic circuit, that of a thermo-battery or thermo- 
circuit, or the induced current of a Saxton’s machine, the first 
case is always observed; when however the primary current is 
produced by the discharge of a Leyden jar or of an electrical 
battery, the third case, and under particular circumstances 
the second case happens; but in such a manner, that when the 
first case occurs for one method of testing the current, the third 
case may occur for another method, and vice versa. Lastly, the 
primary current of a Saxton’s machine may be so modified by 
the extra current which it produces, that all three cases may be 
observed with it. 

A bundle consisting of insulated iron wires is not capable of 
producing peripherical electrical currents surrounding the whole 
of the bundle. If however it is inclosed in a conducting sheath, 


DOVE ON THE ELECTRICITY OF INDUCTION. 109 


for instance in a closed brass tube, then the bundle of iron wires 
will represent the magnet sm” and the sheath will represent the 
wire ef gh. In a solid bar of iron its surface must be con- 
sidered the surrounding sheath efgh: sn with its surrounding 
wire efg h is such an electro-magnet. 

3. If by the side of cd a similar combination s/n! and eé! f" g! 1! 
be placed, then the equilibrium of the currents will be destroyed 
in a twofold manner; but from the direction of the resulting 
current it will be evident which of the two disturbing causes of 
equilibrium is the more powerful. If these are lessened, either 
by modifying the stronger sn or the stronger ef'gh, the equili- 
brium which had been destroyed may again be restored. The 
apparatus then becomes a measuring instrument. 

For the purpose of increasing the action, it is convenient to 
give the magnetizing wires a 6 and cd, as well as the wires a B 
and y@ in which the inducing action is effected, the form of 
spirals, the latter being wound in an insulated manner round the 
former, whilst into the former are placed the bars of iron to be 
magnetized, as well as that part of the apparatus representing 
the conductor efgh. 

4. Some of the metallic rods placed within the spirals were 
cylinders, others four-sided prismatic bars. The cylinders were 
of equal dimensions, namely 11 inches 7 lines long and 113 lines 
in diameter. There were thirteen of them, composed of brass, 
tin, zinc, lead, hardened steel, gray cast iron from a crucible fur- 
nace, gray cast iron from a cupola furnace with a hot blast, gray 
cast iron from 4 cupola furnace with a cold blast, white cast iron 


_ from a cupola furnace with cold blast, white cast iron from a 


crucible furnace, and two cylinders of very soft wrought iron ; 
besides these, gun-barrels, some cut open lengthways, others un- 
cut, one brass tube cut open and another entire, a tube of lead, of 
tin, of German silver, of nickel, a riveted tube of sheet-iron cut 
open lengthways,—all these had the same dimensions as the 
cylinders. The wires composing the bundles were of the same 
length as the cylinders. Amongst these were four sorts of soft 


iron wire, having diameters of 0!*70, 1!"-02, 1!""46, 2"-67; the 
- first sort was well varnished with shell-lac. Bundles were also 


formed of soft steel wire O!-57 in diameter, of hard steel wire 
of 0-87, and of varnished brass wire of 0'-70, of copper wire of 
0!"-75, of tin wire of 1-10, of lead wire of 0!""80, of zinc wire of 
0-60 diameters; besides these, cylinders were constructed of 
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fine iron borings enclosed in glass tubes, and piles were com- 
posed of discs of sheet steel, of tinned and untinned sheet-iron ; 
the discs were isolated by discs of paper; lastly, one cylinder 
was composed of discs of tinned sheet-iron with interposed pieces 
of silver coin: the diameter of these piles, consisting of several 
hundred separate dises, was 9 lines. The prismatic rods were 
composed of nickel, antimony, bismuth, zinc, lead, copper, iron, 
brass, 18 inches long and 5 lines broad. Gold, silver, platina 
and iridium were used in strips laid one upon the other. 

5. Although the same magnetizing spirals a 4 and ed, and the 
same induction spirals «6 and y4, may be used with different 
primary sources of electricity, yet it is preferable, when galvanic 
currents are used and a strong action is required, to give greater 
thickness to the connecting wire and a greater number of coils 
to. the collateral wire than when frictional electricity is employed, 


and perfect insulation is then not so imperative as it is with the | 


latter kind of electricity. If however the magnetization of the 
iron is effected in a direct manner by approaching it to a steel 
magnet, then the apparatus must be constructed in an essen- 
tially different manner. In the following experiments I made 
use of four different differential inductors ; the description of the 
first three follows here, the last will be noticed in the sequel. 


2. Differential Inductor for galvanic and thermo-electricity. 
6. In the threads of two similarly cut screws of wood two spi- 
rals of copper wire 2} lines thick*, insulated by means of shell-lac, 


Ces * Tf itis required to use the apparatus here described 
) <= __as an electro-magnetic machine, in which induction takes 


iron, the arrangement depicted in the annexed figure 
may be employed. A cylindrical bar of soft iron p p’, 
bent into the form of a horseshoe, is wound round at 
the bend in the middle part of it by a thick spiral 
wire of copper ¢c d, which is prevented from coming into 
contact with the iron by an intervening insulating sub- 
stance. Upon the straight parallel limbs of the horse- 
shoe, which are likewise covered with an insulating sub- 
stance, two straight cylindrical spirals of the same wire 
ab and e/ are placed, which being coiled in the same 
direction as cd, form, when d is joined to ¢ and d toe, 
one continuous coil a becdel. The ends alof these 
two spirals proceed in a straight direction and parallel on 
the outer side of the limbs, so that they may not inter- 
fere when the keeper is applied to the poles pp’, nor pre- 
vent the induction-spirals a 8 and eX, composed of long 
thin wire, from being drawn over the coils of thick wire 
of which the magnetizing spirals 6 a and e/ are forined. 


place by means of an electro-magnetized horseshoe of — 


a 
1 
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and passing round 29 times at an internal distance from each 
other of 18: lines, formed, when in contact, the connecting wire 
of the galvanic circuit. 

The iron cylinders and bundles of iron wires which are to be 
tried are placed within the cylindrical hollows of the wooden 
screws, which, electro-magnetized by the copper wire, induced 
a current in two superposed coils composed of wire half a line 
in thickness, wound round with silk and having each a length 
of 400 feet. The free ends of these transversely connected induc- 
tion-coils are joined by means of handles, the current passing 
through the body, or by a galvanometer, and their reciprocal 
compensation determined in both cases *. 

The equilibrium which is destroyed by introducing an iron 
cylinder into one of the spirals is restored by gradually inserting 
iron wires into the other spiral. In none of these experiments 
is induction produced by the insertion of the yet unmagnetic 
iron into the spirals which already form the connecting circuit 
of the battery, and on that account magnetize the affected iron, 
but by the iron already contained in the spirals becoming po- 
larized and depolarized successively by alternately closing and 
breaking the galvanic circuit. All the currents of which we are 
here treating are of the kind called momentary currents. In the 
method of observation here pursued, as has been explained above, 


* When the induction-spirals are not of the same length as the magnetizing 
spirals upon which they are placed, and an induction-spiral indicates an in- 
duced current of variable intensity according to the position in which it is 
placed upon a straight electro-magnet, then an imperfectly attained compen- 
sation may be as easily remedied by altering the position of the induction- 
spiral towards its magnetizing spiral as by diminishing the length of wire 
in the more powerful induction-spiral. In order now to determine which part 
of an electro-magnet had the most powerful inducing action, a covered copper 
wire was coiled into two spirals of 60 revolutions, which were connected by a 
long straight end. Into each of these spirals was inserted one of the poles of 
an electro-magnet 22 inches in length and 14 lines thick, which was surrounded 
by a copper wire 2!"5 thick in 60 revolutions. When the compensation of the 
spirals had been determined by the galvanometer near to the ends of the elec- 
tro-magnet, one of the spirals was moved to a position nearer the middle, the 
other remaining unchanged, and the connection was broken between the elec- 
tro-magnet and the galvanic battery. Immediately great deviations were per- 
ceptible, and moreover in a contrary direction, when the spiral which had in 
the first instance been the more distant from the centre was made to assume 
the nearer position. The deviations were always traceable to the spiral which 
was most nearly approached to the centre, and they remained the same, whe- 
ther under the direct influence of the electro-magnetized iron horseshoe or 
whether that was made the keeper to another electro-magnet, which by closing 
and opening the circuit was polarized and depolarized. The most advanta- 
geous position for an induction-spiral is therefore the middle of an electro- 
magnet. 
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the resulting current is only produced by the inserted iron, as 
the direct action of the connecting wire upon the secondary wire 
is completely compensated. 

The galvanic batteries used in the experiments were some- 
times small calorimotors of two coils and 4 inches high, at other 
times larger many-celled troughs united to form one battery 13 
inches in width, with four interposed copper and amalgamated 
zine plates. Afterwards constant batteries were employed with 
advantage, either Bunsen’s carbo-zine battery, or Grove’s pla- 
tino-zinc battery. The experiments with thermo-electricity were 
made with a thermo-battery consisting of eight bars of antimony 
and bismuth, which formed at their upper and lower extremity a 
chess-board of sixteen squares, each 8 lines in width, whilst the 
height of the bars was 3 inches 8 lines. The poles of this bat- 
tery, which terminated in wide vessels containing mercury, 
were connected by the magnetizing spirals, and the unequal 
temperatures were produced by water cooled to 0° Celsius by 
means of snow, and by a suspended plate of red-hot iron. Af- 
terwards a simple thermo-battery was used consisting of two 
bars of bismuth and antimony, 3” 7’” in length and having a 
square section of 8!” 5, soldered together, and warmed at the part 
where they were soldered by the flame of a spirit-lamp. All the 
connexions of the thick wires were made by means of cylindri- 
cal vessels containing mercury, with holes bored through them. 
All the connexions of the thin wires were effected by clamps 
doubly bored, the holes being at right angles to each other*. 


3. Differential Inductor for magneto-electricity. 


7. When the primary current was that of a Saxton’s machine, 
instead of the inner spirals of thick copper wire, two spirals of 
thin wire 2!" thick and 400! in length were used, each an inch 
wide and a foot long. The outer spirals were the same as those 
used in the former differential inductor. 


4. Differential Inductor for frictional electricity. 
8. Upon two strong cylindrical glass tubes one foot long and — 


* If the holes in the clamps are at right angles to each other, by means of 
one screw the crossed wires can be clamped together. The holes being bored 
completely through the clamps, admit of the wires being connected not only at 
their ends, but by drawing any one of the wires the requisite distance through 
the clamp, the end of. the one wire can be connected with the middle of the 
other. 
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an inch in width (Plate I. fig. 3), are coiled two spirals of cop- 
per wire in the same direction, completely imbedded in shell- 
lac, and surrounded on the outside with paper. Each of the 
spirals forms 80 coils with 32 feet of wire. Of the wire-clamps 
in which these:spirals terminate, a is connected with the inner, 
and d with the outer coating of the insulated battery, after 
| this has received a constant charge by means of a unit jar. 
| As the clamps 8, &c. are united by a cross-wire, the two spirals 
| abandcd form together the connecting wire of the battery. 
The induction-spirals, coiled in the same direction as the inner 
ones which they are to enclose, are wound upon tubes of paste- 
| board, and imbedded in shell-lac, each wire having a length 
| of 45 feet and 80 coils. The thickness of the wire of these 
| spirals is the same as that of the wires of the connecting 
spirals, namely, half a line: both ends of each secondary spiral 
are on the same side (in the front of the figure) ; the longer end 
of each spiral, which is bent back (8, 7), passes therefore along 
the external paper covering, enclosed in a glass tube, which is 
fixed by two silken bands, with the aid of small pieces of cork. 
| Of the four ends of these spirals, two, « and y, are connected 
| by a cross-wire, whilst the others, 8 and 6, either terminate in 
handles, as is represented in the figure, or are connected by a 
spiral containing an unmagnetized steel needle, by a galvano- 
meter, an electro-magnet, an apparatus for decomposition, an 
| electric air thermometer, or one of Breguet’s metallic thermo- 
| meters, an insulated preparation of the frog, a condenser, or 
| an apparatus consisting of points with an insulated disc of resin 
between them, for the production of figures on the resin. Each 
| of the connecting spirals, a 4 and ¢ d, rests with its surrounding 
Secondary spirals, «8 and y 6, upon two glass feet 3 of an inch 
in diameter, and well-covered with shell-lac ; these branch out at 
_ the height of 83 inches into a fork composed of two glass rods, 
| each of which is 3 inches in length, and these are fixed into brass 
| caps by cement, at a distance of 14 inch from each other at 
the top, upon the vertical stems. Into the interior glass tubes 
the metallic cylinders and bundles of wire which are to be com- 
| pared are introduced, as is shown in the figure, where the spiral 
| ¢ d incloses a solid cylinder, and the spiral a 4 a bundle of wire 


| Surrounded by a metallic tube. The apparatus was made by 
M. Kleiner with his usual care. 

I now proceed to the experiments themselves. 
VOL. V. PART XVII. I 
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I. Currents induced by the evanescent magnetism of electro-mag- 
nelized rods of iron and bundles of wires, when the magne- _ 
tizing current was that of a galvanic battery. 

1. Comparison of the galvanometric and physiological action. 


9. If a solid rod of iron is placed in one of the spirals of 
the differential inductor, and a bundle of wires in the other, so 
that equilibrium is established as regards the galvanometer, 
these currents, which galvanometrically compensate each other, 
produce powerful shocks upon the human body when it is made 
to form part of the circuit. By diminishing the number of wires, | 
these shocks may be reduced to nothing, but then the currents, 
which physiologically compensate each other, cause a powerful 
deflection of the galvanometer needle in favour of the solid cy- 
linder. How great this difference is, may be seen by one of the 
series of experiments with wire of aline in thickness. The num- 
ber of wires requisite for compensation was as follows :— 


For the For 
galvanometer. sensation. 

Forged i irom (, \% oh a LO Se 15 

Gray iron from the eriaibile ss ent Te 24 

wotbistealtey t51iI59 |. é 91 9 
Gray iron from the wala carndlees erithe 

hot blast... 45 18 
White iron from the cael facpanieey oo 

poldvblastela 2 Pe Qs. Keio 30° pitas 8 

White iron, crucible cast . . . . . . 41 10 

Hard steel . 9... . 28 7 
Gray iron from the cupola Fertwatie; with 

cold blast ... . en oF 1l 


With forged iron, the whist of wires ‘that could be placed” 
in the wooden screw was insufficient for compensation in the 
galvanometer. Without exception, therefore, the number of 
wires required to compensate a solid rod of iron is greater 
when the currents act upon the galvanometer than when they 
act upon the body; or in other words, when the currents are of 
equal intensity as regards the galvanometer, the shock produced 
by the bundle of wires is greater than that produced by the soli 
bar of iron. To test this result in another manner, the follow= 
ing experiment was made :—A differential galvanometer with#. 
two equal wires, each of which made 100 revolutions round its 
frame, was so connected with the induction-spirals, which had 
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previously been separated, that the current of one spiral passed 
through the 100 revolutions of one wire of the galvanometer in 
an opposite direction, to the current of the other spiral which 
passed through the 100 revolutions of the other wire; when 
equilibrium had been established for the astatic needle between 
the solid cylinder and the bundle of wires, the force of the shocks 
in both the separated spirals was tested, and those produced by 
the bundle of wires were found to be decidedly stronger. 
10. Although we have here direct proof (for the currents in 
the foregoing experinients always circulated in the same wire) 
that the non-existence of equilibrium for sensation, when the 
human body is interposed in that current which produces no de- 
flection of the galvanometer, cannot be accounted for by an in- 
crease in the resistance to conduction, nevertheless, as a more 
rigid test, the following experiment was made. ‘The induction- 
Spirals were increased in length to 300 feet, so that the currents 
having opposite directions, passed altogether through 400 feet of 
wire. Afterwards 2000 feet of wire, and again much greater 
lengths of wire were interposed, without in the least disturbing 
the equilibrium in the galvanometer. A great increase of the 
resistance to conduction was therefore without effect. 
11. The results obtained for iron appeared also to be appli- 
cable to nickel. A four-sided rod of nickel, which was compen- 
sated as regarded sensation by iron wires, produced in the gal- 
vanometer a deflection in the direction of the current from 
the rod. 
12. With regard to the galvanometric equilibrium, a remark- 
able pheznomenon must be mentioned, which indicates that the 
augmentation of the currents to the maximum of their intensity 
with the same mean power does not take place in the same time. 
Suppose the number of the wires to overpower the solid 
cylinder, so that the deflection of the needle is in the direction 
a the current produced by the wires, and that this excess is 
lessened by the gradual removal of wires, then the deflection is 
Biot observed to pass through the point of equilibrium, by gradu- 
ally decreasing deviations, into one of an opposite direction, but 

the needle moves, as if driven by a quick, short impulse, in the 
‘| direction of the former deviation, then suddenly stops, and re- 
turns much more slowly in the direction of the other current. 
This vibratory motion is still observed when the second current 


has become the more powerful, so that the short impulse in the 
12 
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one direction is followed by a wider oscillation in the opposite 
direction. Let a c (Plate I. fig. 4) indicate the duration of the 
first current, and a e that of the second; a bc the curve of in- 
tensity of the first, a de that of the second; and if the superficies 
abc=ade, it is easily seen why the needle, which is only in 
equilibrium, at the point of section d first moves in the direction 
of the current a 4 c, and then in the direction of ade; and 
that this may even continue for a certain time after the super- 
ficies a d e has become larger than ac. The vibration of the 
needle is more clearly perceptible when the exciting circuit is 
closed than when it is broken; but in both cases it is in the 
direction of the current from the wires. 

13. With this phenomenon another stands in direct relation. 
For, as the needle of the galvanometer is set in motion by the 
difference of two currents, and this difference increases in pro- 
portion as both currents become stronger, the primary deviation 
will be augmented by an increase of power in the currents. If 
this difference arrives at a sensible magnitude, the second cur- 
rent finds the needle in a less favorable position with respect to 
the coils of the multiplier than the first did, and the former can 
for that reason apparently overpower the latter. This was ob- 
served several times, when calorimotors with very dry plates were 
used, after the slight vibratory motion had been obtained with 
previously moistened batteries. In this manner it can therefore 
be explained why more wires are required to compensate the 
solid cylinder with strong than with weak currents*. 

14. Although the method of observation by means of two 
mutually compensating spirals is peculiarly adapted to point out 
the differences between two currents such as those which were 
excited, yet it is obvious that the numbers given above, placed 
in vertical rows, can only express a real numerical relation upon 
the supposition that the battery was constant in its action. The 
batteries which were then at my disposal did not warrant such a 
supposition. By the constant use of loose wires, also, the insu- 
lation of the iron wires was not at all times the same, for the 
shell-lac varnish got rubbed off in places. I have therefore en- 
deavoured to arrange the metals employed in a galvanometric 

* What is here said applies of course only to a current induced by an electro- 
magnetized bundle of wires acting in opposition to one induced by a solid rod of 
iron, and not to currents produced by two solid rods of iron acting in oppo- 


sition to each other. If equilibrium has once been established for these with 
weak currents, it is not altered by increasing the power of the currents. 
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series, making use of another sort of well-varnished wire, 0°70 
line in thickness, and employing one of Bunsen’s carbo-zinc 
batteries for the production of the magnetizing current. Of 
wires of this thickness 170 could be placed within the hollows, 
but they were more than compensated by the cylinder of soft iron, 
by the gun-barrels, and by the slit tubes of sheet iron, whilst a 
welded tube of double sheet iron just held them in equilibrium. 
The reason of the excess of power in the cut tubes above that of 
the welded tube, may be sought in the greater amount of ex- 
ternal surface which their elasticity obliges the former to assume. 


_ By this mode of experiment the following series was obtained :— 


Number of wires 0!""70 


Substances. thick required for galvano- 
metric compensation. 
Meader. af s0fb, 101}; «24,2 od) ef isy e 1JOi 4S 
Gun-barrel .. SMart at bint Mebane a 
Slit tube of double Diectiea Esai Mi oak § itn iny eee ALO Gh 
Welded tube of double sheet iron . . . . - 170 
Cylinder of soft steel . . . . 150 


Cylinder of gray pig iron from a cae nes 140 
Cylinder of gray pig iron from a aie furnace, 
with hot blast. . . . Ho iate set.) ayoG 
Cylinder of white pig iron, enable aes : gt 
Tube of sheet iron ohh ia 
Cylinder of white pig iron pee ace furnace, 
rinacemiel Blasts 12) Weed ont ie Wem tariiadnecy 83 


Cylinder of hard steel . . . . 

Cylinder of gray pig iron from als ince, | 67 
with cold blast . ahi 

Four-sided rod of nickel (4!"-75 thie Dao le 

Tube of nickel . . wa \ 4 

Pile of iron discs ties ne ae 

Pile of steel discs separated by paper . . . . 2 


Tube of German silver . 


Pile of tinned iron discs separated ie paper « } 
. ee 1 
Cylinder of fine iron borings . 


15. The galvanometric arrangement of the different kinds of 
iron I determined in a more direct manner by placing one of the 
iron cylinders in one spiral, and counteracting its effects by the 
other eight successively placed in the other spiral; by the direc- 
tion given to the needle of the galvanometer, it was ascertained 
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which cylinder had the more powerful action. With different 
species of iron the following series was obtained, with some ex- 
ceptions, in the individual experimental series * :— 
Soft iron. 
Gray iron from the crucible furnace. 
Soft steel. 
Gray iron from the cupola furnace, with hot blast. 
White iron. 
Gray iron from the cupola furnace, with cold blast. 
White iron from the cupola furnace, with cold blast. 
Hard steel. 

16. The determination of the exact number of wires which 
compensate the effects of a cylinder as regards sensation is, for 
another reason, difficult. For every degree of power in the battery, 
the number is smaller than that required for compensation in 
the galvanometer ; but in the case of weaker currents, when the 
excess of the one over the other can no longer be felt as a shock, 
it becomes perceptible when the current is stronger. The latter 
sensation remains likewise for a length of time with apparently 
unchanged intensity, so that no perceptible change is produced 
by diminishing the number of wires. 

17. I have therefore endeavoured to determine in another 
manner the physiological series for solid rods. If from two 
cylinders acting in opposition to each other a shock is felt, as 
the result of the one current being more powerful than the other, 
in order to ascertain from which rod the shock proceeded, we 
have only to draw out one of the rods from its magnetizing spiral, 
and whilst it is being drawn out, to break and close the circuit 
successively by turning round a rheotome. If the weaker rod is 
being removed, then the shocks become constantly more intense; 
if, on the contrary, the more powerfully acting rod is the one 
moved, the shocks become weaker until the rod has been drawn 
out a certain distance, when they cease altogether. If this di- 
stance is exceeded, shocks from the opposite current are obtained, 
which gradually increase in intensity, and the distance which a 
rod is drawn out from its spiral thus becomes a means of quan- 


* It is hardly necessary to remark that the arrangement of such series is 
only intended to direct attention to the fact, that slight differences in the na- 
ture of cast iron and steel materially affect the inducing action of iron, and not 
positively to determine by the name of a substance the position which it holds 
in the series. A series of this kind would only be absolutely correct, if identi- 
cal substances could be designated by the same name. 
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titatively determining the relative value of the two opposing cur- 
rents. Gray iron from the crucible furnace overpowered con- 
siderably both soft and hard steel. Very hard white iron from 
the cupola furnace with cold blast comes very near in its action 
to soft steel, but very perceptibly exceeds that of hard steel. 
The difference between malleable and cast iron was less than 
that between malleable iron and steel, and indeed with some 
kinds of cast iron the difference was so slight that it could not 
be accurately determined by the method of drawing out the bars. 

18. From these experiments, and from those made with bun- 
dles of wires, it follows that the series obtained by the galvano- 
meter for the different kinds of iron compared, is a different one 
to that obtained by physiological means. 

The physiological action is therefore dependent on the one 
hand upon the mechanical discontinuity of the mass, and on the 
other upon the peculiar nature of the iron. Hence it follows, 
that wires of soft iron having a different diameter may compen- 
sate a cylinder of a particular kind of iron both as regards the 
magnetic needle and sensation at the same time. This was the 
case, for instance, with twelve wires 2°67 lines in diameter, and a 
cylinder of gray iron from the crucible furnace. The influence 
exerted by the peculiar nature of the kind of iron is also mani- 
fest from the following facts :—When the cylinder is of hardened 
steel, no difference is perceptible between the induction shock 
produced by the polarization of the cylinder when the circuit is 
closed, and the shock produced by its depolarization when the cir- 
cuit is broken; the difference between the shocks is perceptible 
if the cylinder is composed of soft iron, much more so with cast 
iron cylinders or bundles of wires, when the shock on breaking 
the circuit is more intense than that produced by closing it. 

This difference depends more upon the nature of the iron than 

_ upon its mechanical discontinuity, for it was found to be greater 
with eleven soft iron wires than with fifteen hard steel wires, 

_ which, when opposed to each other, destroyed each other’s phy- 
siological action. 

_ 19. From all the experiments which have as yet been insti- 
tuted, it appears that gray iron approaches the nearest in its_in- 
ducing action to the bundle of wires, for its physiological action 
is proportionally greater than could have been expected from the 
intensity of the current determined by the galvanometer. The 
inducing powers of gray pig iron lead therefore to the supposi- 
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tion, that it is a substance in which the iron capable of being 
magnetized does not form a connected continuous whole, a result 
which accords with the chemical researches of M. Karsten. 


1. Effect of the inversion of the magnetic polarity upon the 
induced current. 


20. In the foregoing phenomena an important circumstance 
has not yet been noticed, a neglect of which would render it im- 
possible to compare different kinds of iron with each other,—I 
allude to the effect produced upon the induced current by the 
inversion of the magnetic polarity. Malleable iron, steel, nickel, 
and cast iron retain always a greater or lesser portion of the 
magnetism which is momentarily excited in them; it becomes 
therefore important to know, when they are again electro-magne- 
tized, what relation the metallic bar which is already magnetic, 
bears towards the magnetizing spiral containing it, whether 
namely, the remagnetizing produces a like polarity to that al- 
ready existing in the magnetic bar, or whether a contrary po- 
larity ensues. The influence which this exerts upon the phzno- 
mena of induction was ascertained in the following manner :— 
When perfect equilibrium as regards the galvanometer had been 
established between two cylinders, the position of one of them 
was inverted in relation to its spiral, so that it was magnetized 
in an opposite direction on again closing the circuit. The dis- 
turbance of equilibrium which hence arose always showed that, 
by inversion, the induced current became more powerful. Pre- 
vious magnetizing by touch gives analogous results to those pro- 
duced by electro-magnetizing. If iron horseshoes are used 
which project with one limb into the spirals as far as their point 
of neutrality, they become converted into tri-polar magnets. 
Now, as an electrical current of sufficient intensity, when it 
exerts a magnetizing influence upon a bar of iron so as to cause 
polarity in a contrary direction to that already existing in the 
iron, annihilates immediately the polarity which the iron retained 
from the previous magnetization, and then produces the maxi- 
mum polarization of which it is capable, the fact here adduced 
may be expressed by the following axiom :—That metal is pos- 
sessed of the most powerful inducing action in which the greatest 
change of magnetic properties occurs*. The indications of the 


* In the construction of magneto-electrical machines, it follows directly from 
this, that in the alternation of the currents there exists a peculiar principle for 
increasing their power. 
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magnetic needle here accord with those of sensation: with the 
harder kinds of cast iron the effect of inversion is so great, that 
with two cylinders which compensate each other, when the one 
is reversed a shock is the consequence. A few examples will 
show how necessary it is to take into consideration this increase 
of power by the reversion of position. 

21. The inducing action of soft iron is superior to that of soft 
steel, and this again exceeds that of hard steel when the excita- 
tion continues uniform. If no very great difference exists in 
the action of these latter, and into one spiral of the differential 
inductor the cylinder of soft steel is placed, whilst the other 
contains the cylinder of hard steel in a reversed position, the re- 
markable phenomenon is observed, that the galvanometer needle 
deviates in the same direction when the circuit is closed as when 
it is broken. By inverting the polarity of the hardened steel on 
closing the circuit, the current which it excites becomes stronger 
than that caused by magnetizing the soft steel in the same direc- 
tion as before. On breaking the circuit, however, the soft steel 
cylinder loses more of the magnetism communicated to it than 
the hardened cylinder, and hence exerts a more powerful indu- 
cing action. But as the direction of the current induced by the 
evanescent magnetism on breaking the circuit is opposed to the 
direction of the current induced by the magnetism resulting on 
closing the circuit, the current passes in both cases in:a like di- 
rection through the connected induction-spirals. Similar re- 
lations were observed with cast iron, with this difference only, 
that a repeated closing and breaking of the circuit was requisite to 
produce this phenomenon, which, in the case of hardened steel, 
takes place when the circuit has been once closed for a short 
time; and hence it appears that white cast iron in particular 
offers a greater hindrance to the inversion of its polarity than 
steel. 

22. The series adduced at a former page would have been very 
different had not attention been paid to this principle of the 
increase of power. For, whilst all kinds of cast iron, when 
the polarity is unchanged, exert a weaker action than mal- 
leable iron, yet on inversion the action of gray and white iron 
from the cupola furnace with cold blast is the more powerful ; 
white iron, crucible cast, remains about the same, and gray iron 
from the crucible furnace and from the cupola furnace with hot 
blast are below these in power. Thus soft and hard steel, on 
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the inversion of their polarity, exceed in power all kinds of cast 
iron; if however the polarity of these latter be reversed, they 
act more powerfully than soft and hard steel. So, when differ- 
ent sorts of cast iron are compared with each other, the strongest 
action is always in favour of the kind of cast iron the polarity of 
which has been reversed. Similar results were obtained with 
bundles of wires. 

23. The foregoing experiments appear to me to explain a cir- 
cumstance which has frequently been adduced in support of the 
view, that a retardation of the current increases its physiological 
action. The circumstance is this, that the shock is greater when 
the battery is discharged by sliding the wire than when it is 
effected by immediate separation. I find that the shock from 
the induction-spiral is more powerful when the circuit is broken 
very shortly after it has been closed, and I explain it in this man- 
ner: the first current which is produced by closing the circuit 
is not completely gone when the second begins, as the produc- 
tion and disappearance of magnetism in iron requires a certain 
time. The second current therefore meets with a conductor 
which is being traversed by a current in an opposite direction, 
and probably this change of direction in the current takes place 
more quickly in this case than if the conductor had not been 
previously traversed by any current, as the tendency of the con- 
ductor to return to its natural unelectric state is aided by the 
action of the second opposing current. Sliding is nothing more 
than a quick, often-repeated closing and breaking of the circuit, 
as may clearly be seen in the dark, and hence its increased phy- 
siological action. 


2. The action of the current in magnetizing steel compared with 
its action in magnetizing soft iron. 

24, One hundred feet of wire, surrounded with silk and well 
varnished, was coiled 200 times round a wooden frame, in 
which were placed the needles (darning needles) to be magnet- 
ized, at right angles to the magnetic meridian to which the wire- 
coils were parallel. The free ends of the induction-spirals, 
which had been joined crossways, were connected by means of 
cups containing mercury with the ends of the wire of the frame, 
and in such a manner that when the galvanic circuit was closed 
this connection was not established, but always on the repeated 
breaking of the circuit. Hence the magnetizing action was al- 


as 
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ways exerted in the same manner, and not alternately in opposite 
directions. The excess of power in the bundle of wires was so 
great, that even with seventy wires one line in thickness in one 
spiral, and the cylinder of soft iron in the other, the steel was 
magnetized in the direction of the current excited by the bundle 
of wires, although 110 wires did not neutralize the action of the 
cylinder in the galvanometer. When the induction-spirals were 
connected in the same direction, and both contained bundles of 
wires, | was enabled to invert the polarity of a well-hardened 
galvanometer needle. It is generally to be observed in experi- 
menting with such currents, as is the case in galvanometric 
measurements with frictional electricity, that great changes occur 
in the length of the oscillations of a previously astatic needle. 
25. A horseshoe of soft iron wound round with wire was now 
connected with the induction-spirals. The current excited by a 
solid cylinder, as well as that caused by a bundle of wires, 
magnetized it in such a manner, that iron filings strewed upon 
it stood on end, and a magnetic needle placed near it was power- 
fully deflected. With opposing currents, the one of which was 
excited by a cylinder of soft iron, and the other by 100 wires, 
when the magnetizing spiral with the steel needle and the horse- 
shoe of soft iron covered with silk were simultaneously placed 
in the closed circuit of the induced current, the soft iron horse- 
shoe was magnetized in the direction of the first current, whilst 
the steel needle was magnetized in an opposite direction, z. e. in 
the direction caused by the wires. Now, as a continuous cur- 
rent is required to electro-magnetize soft iron, whilst steel is 
magnetized by the most sudden discharges, this experiment may 
be considered pretty conclusive in favour of the assumption 
which follows from all the other facts, that in the current in- 
duced by a bundle of wires, a certain quantity of electricity is cir- 
culating in a shorier time than when that quantity is set in mo- 


tion by a solid cylinder. 


3. Sparks, heating effects, and chemical decomposition. 


26. When the same wire is traversed by two currents cir- 


culating in opposite directions, no spark is produced on dis- 


connecting the wire when both currents neutralize each other. 


When therefore a massive cylinder and a bundle of wire oppose 
each other, and a spark is obtained at the differential inductor, 
by diminishing or increasing the number of wires the spark may 


124 DOVE ON THE ELECTRICITY OF INDUCTION. 


be made to disappear. In this manner, however, we should 
hardly be able to judge of very slight differences, as the current 
must have a certain amount of intensity in order to give rise to 
a spark when the circuit is broken. I therefore pursued a dif- 
ferent mode of experiment. On acommon axis of rotation three 
notched wheels were fixed, two of which are represented in the 
annexed woodcut. By the side of each notched wheel, and con- 
nected with it by a copper cylinder, is a disc, which dips con- 
stantly into a vessel con- 
taining mercury, whilst the 
notched wheel is alternately 
in and out of connexion 
with the mercury in a simi- 
lar vessel: thus a previously 
existing metallic connexion | 
is interrupted. This is the fle 
rheotome or current interrupter which is now so frequently used 
for producing rapid consecutive disconnexion, which was in- 
vented in Germany before the year 1804, and is described in 
Aldini’s Traité du Galvanisme, i. p. 202, pl. 6. figs. 2 and 5. As 
two such rheotomes joined in an alternate manner with each 
other, and intended to convert an alternating current into one 
in the same direction, have been called a commutator, I shall call 
three similarly arranged notched wheels, intended to disconnect 
simultaneously two equal induced currents traversing two totally 
unconnected wires, a disjunctor. When all the three notched 
wheels, which are moveable round their common axis by means 
of screw clamps, are fixed in the same position, the first rs is 
connected by means of the mercury vessel i, which is trans- 
versely perforated with a cylindrical hole, with the galvanic 
battery, the second p @ is connected with the induction-spiral 
a B, the third p, co, with the induction-spiral y 6*. 

We obtain, therefore, when the spirals are empty, two per- 
fectly equal currents in distinct wires, their compensation having 


* The disjunctor, consisting of three notched wheels, described above, can 
likewise be used for ascertaining what the effect is upon an induced current 
when it circulates in a closed wire for some time after its production. If the 
second and third wheels are somewhat altered in position, the disconnexion is 
not quite simultaneous, and we can then ascertain which of the disconnected 
wires exhibits the most powerful physiological or other action. For testing 
the intensity of the spark quicksilver is to be preferred; for other effects the 
disconvexion is better effected by pieces of interposed glass. This apparatus was 
constructed very carefully by M. Wagner. 
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been previously tested when these were connected. The currents 
are also simultaneously interrupted, as the notches leave the 
mercury at the same moment. If different rods of iron or bun- 
dles of wire are placed in the spirals, the sparks at each inter- 
ruption, which before were alike, will be different. In this man- 
ner it can be distinctly seen that a bundle of wire, which had 
been previously completely compensated by a bar of soft iron as 
regards the galvanometer, produces after separation a much 
more vivid spark. 

27. In the same manner the heating effects can be mea- 
sured by two electric thermometers, by which each of the sepa- 
rated induction-spirals is closed, and in like manner the chemi- 
cal decomposition when connexion is made by two voltameters. 
With respect to these however no measurements have been 
made; it has only been ascertained that the heating effects, as 
well as those of chemical decomposition of the empty spirals, 
are very much increased by placing iron rods and bundles of 
wires within them. 


4, Experiments with iron tubes. 


28. In some former experiments*, I had shown that an elec- 
tro-magnetic spiral, which surrounded an iron tube of the dimen- 
sions of a gun-barrel, was not capable of magnetizing an iron 
cylinder placed within the tube; and vice versd, that a moveable 
magnet, or a fixed electro-magnet placed within this tube, did 
not excite any phzenomena of induction in the spiral which sur- 
rounded it}. It follows therefore, that, with relation to the phe- 
nomena which we are here examining, bundles of wire inclosed 
within gun-barrels cannot increase the action of these; for they 
are as much protected by their iron case from the magnetizing 
action of the spiral which closes the circuit, as their inducing 

power itself is incapable of affecting the spiral of thin wire. 
Sturgeon had previously made the observation, that wires in- 


+ Analogous phenomena may be observed with hollow iron tubes which sur- 
‘round straight steel magnets, and which may be considered as keepers connect- 
ing the opposite poles over the whole periphery of the magnet. A steel mag- 
Net fitting tightly into a hollow iron cylinder having the dimensions of a gun- 
barrel, or still thicker in metal, exhibits no action on its external surface. 
Placed in a spiral, it scarcely induces any current; suspended by silk, both ends 
are attracted by both poles of a magnet held near it; it does not rotate when 
exposed to the action of a rotating disc of copper; it is therefore still more 
neutralized than a horseshoe magnet is by a straight keeper, for this rotates 
slightly under these circumstances. 


~ 
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closed within a tube of sheet iron did not increase its action. 
If however the iron tube which separates the electro-magnet 
from the induction-spiral is of very thin metal, and has a consi- 
derable diameter, then the shocks are very perceptible both when 
the tube is entire or cut open lengthways*. A solid electro- 
magnet also, one-half of which is surrounded by an entire gun- 
barrel, the other half by a gun-barrel cut open lengthways, 
does not destroy the equilibrium of two spirals which previously 
compensated each other with respect to the galvanometer, when 
one was enclosed by the entire and the other by the cut gun- 
barrel; whence it follows, that in this case the discontinuity of 
the tubes is not an indispensable condition. But with bundles 
of wires the following phenomena are observed. 

29. When an entire iron tube, in its inducing action as re- 
gards the galvanometer, compensates the action of one that is 
cut lengthways, this compensation remains almost complete 
when any number of wires are placed into one or the other tube, 
i. e. with bundles of wires which are enclosed within entire and 
cut tubes, the inducing action as measured by the galvanometer 
is dependent entirely upon the enclosing iron. It is however 
different as regards the physiological action. In this case the 
action of the wires enclosed within the tube is nearly destroyed 
when the surrounding tube is entire, but not when the tube is 
cut open. 

30. The results thus obtained for hollow cylinders having the 
dimensions of gun-barrels are somewhat modified when the 
tubes are made of sheet iron. As regards the galvanometer, the 
wires exert an action through them, so that, when wires are 
placed within one of the cylinders, the galvanometric action of 
that cylinder is increased. When the welded tubes were in- 
serted one into the other, and the same was done with the cut 
tubes, and these latter were so placed towards each other that 
the sections should correspond, then the action of the wires 
placed within them was observed to be less than when they were 
enclosed in entire or cut tubes of simple sheet iron. 


* Upon one of the limbs of an electro-magnet 28 inches in length, and sur- 
rounded with 65 coils of copper wire 2% lines in thickness, was placed a 
coil of wire 4 inches 2 lines wide, 500! long and half a line thick, and the 
shocks of the current induced by this coil were tested when connection between 
the electro-magnet and the galvanic current was broken. ‘The current re- 
mained almost quite as powerful when a cylinder of thin sheet iron 36 lines 
wide, first welded and then cut cpen lengthways, was interposed between the 
electro-magnet and the induction-spiral. 
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With an increase of thickness therefore in the iron case, the 
action as measured by the galvanometer is lessened, and a me- 
chanical division of the tubes by cutting has no very marked in- 
fluence. But cutting the tubes even when the metal is thin 
produces an increase, although but small, in the physiological 
action. Lastly, the physiological action of the wires in a tube 
of sheet iron is proportionally small, but it is greater when the 
tubes are cut open than when they are entire. If, for instance, 
physiological equilibrium has been established by any means be- 
tween an entire and a cut tube, this will be destroyed when 
equally powerful bundles of wires are placed in both tubes, and 
the shock proceeds from the cut tube. 


5. Experiment with closed and unclosed conducting cases 
containing bundles of wire. 


31. Of two bundles of wires which compensated each other, 
one was placed without any case in the wooden tube of the mag- 
netizing spiral, the other enclosed in a tube of cardboard, round 
which was wound in more than 200 coils of copper wire covered 
with silk, so that the coils surrounded the bundle of wire 
throughout its whole length. The projecting ends of this 
spiral, which, to distinguish it from the magnetizing spiral 
connected with the battery, and from the induction-spirals sur- 
rounding the former, and connected by the human body or the 
galvanometer, we may call the enclosing spiral, could be con- 
nected by a clamp, or, to exhibit the secondary current in- 
duced in them, by a galvanometer. There were four such card- 
board cases; the spiral in one of them was right-handed, in the 
second /eft-handed, in the third half right-handed, haif left- 
handed ; in the fourth it was made up of a wire folded and then 
twisted, and might therefore be considered as composed of two 
spirals wound in the same direction but unsymmetrically con- 
nected. The two last spirals were without action, both when 
their ends were or were not joined, not however the two first ; 
whence it directly follows, that the effect produced by these must 
_ be ascribed to an electric current, which in the two latter was 
divided into two halves that mutually destroyed each other. 
_ Suppose the action of the bundle of iron wires replaced by that 
of an electro-dynamic solenoid, it is easy to perceive that its 
coils would run nearly parallel with the close coils of the en-| 
closing spiral, whether the latter be wound in a like or in an 
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opposite direction. Judging from this it must be immaterial, for 
a certain given amount of polarity in the bundle of wires, what di- 
rection is given to the coils of the enclosing spiral; and this was 
borne out by the experiments. The results were the following. 

32. If one of two bundles of wires, which compensate each 
other when both are unenclosed, is placed within a uniformly 
wound surrounding spiral with connected extremities, the gal- 
vanometric action of the latter differs from that of the unen- 
closed bundle, as does the action of a solid cylinder from that 
of a bundle of wires. For whilst galvanometric equilibrium is 
hardly disturbed, those characteristic vibrations of the needle 
occur which have already been mentioned, and the primary im- 
pulse always occurs in the direction dependent upon the unen- 
closed bundle of wires. The enclosing spiral, on the contrary, 
weakens in an extraordinary manner the physiological effect, so 
that a powerful shock is perceived arising from the unenclosed 
bundle of wires. An entire brass tube enclosing the bundle of 
wires presents analogous phanomena to those produced by a wire 
spiral with connected extremities; a brass tube cut longitudi- 
nally is however but little superior in power to a spiral with un- 
connected ends. The existence of the electric current which is 
on the point of being excited in such tubes can also be verified 
by the galvanometer when it is made to connect the cut edges of 
the tube. 

33. The property of magnetizing hard steel is in relation with 
the physiological action of the current. Whilst seventy unen- 
closed wires, acting in opposition to the solid cylinder, magnetize 
the steel needle in the direction of the current produced by 
them, yet, when these wires are enclosed in an entire brass tube, 
the magnetic excitation takes place in the direction of the cur- 
rent produced by the solid cylinder. The longitudinally cut 
tube likewise diminished the magnetizing influence of the cur- 
rent upon steel, probably because, when it is filled with wires, 
which partially close the section, peripherical currents are pro- 
duced, although of a more imperfect kind. When the copper 
spirals are exchanged for spirals of thin German-silver wire, and 
the brass tube for one of German-silver, the retarding action of the 
case is also diminished. When the bundles of wires are opposed 
to each other, the one in a closed and the other in an open tube, 
then in magnetizing steel the action of the open tube is more 
powerful than that of the closed tube. 


. 
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6. Experiments with piles of iron discs, and with cylinders of 
iron filings. 


34. As the division of an iron cylinder by longitudinal sections 
parallel to the axis hinders the formation of peripherical electri- 
cal currents, without interfering with the production of magnetic 
polarity, so, on the contrary, the powerful development of mag- 
netic polarity is prevented by cross sections at right angles to 
the axis, whilst the production of peripherical electrical currents 
is in no way retarded. A column of iron discs arranged with 
discs of paper between them can therefore affect a galvanometer 
but slightly, on account of its small amount of magnetic polarity ; 
and from the facility with which electrical currents are excited 


| in it, its physiological action must also be but slight, as the ex- 
| periments have shown. With a pile of iron filings, the excita- 


tion of electrical currents is at the same time hindered on ac- 
count of the longitudinal separation; it will therefore exert a 
weak, though proportionally more powerful physiological action 
than the column of discs. This is confirmed by the experiments 
in the former series (13). 

35. The whole of the foregoing experiments lead to the result, 
that the metallic case surrounding the wire bundle (or, as is the 
case with a solid iron cylinder, the conducting metallic sur- 
face, combining all the single wires into one metallic whole) does 
not weaken the current induced by it, but only retards it, 7. e. it 
spreads over a longer time the neutralization of the quantity of 
electricity set in motion by the evanescent magnetism in the en- 
closing wire, without decreasing the quantity itself. This retar- 
dation has no influence upon the magnetic needle, which adds 
together the effects of the current, in which case it is quite im- 
material how long this addition lasts. The removal of the me- 
tallic case, or the frequent repetition of the interruption to me- 
tallic continuity, is to be compared to the accelerated motion 
produced by an inductor enclosing a magnet, which increases 
its physiological action without adding to the galvanometric 
effect. 


7. Shock and sparks on breaking the circuit by means of spirals 
and electro-magnets. 


When the view deduced from the simultaneous considera- 
VOL. V. PART XVII. K 


130 DOVE ON THE ELECTRICITY OF INDUCTION. 


tion of the galvanometric and physiological effects, that the 
increase of the latter on breaking up a solid iron rod into a 
bundle of wires is to be ascribed to an acceleration of the current, 
not to an augmentation of the quantity of electricity set in mo- 
tion, is to be applied to explain the phenomena of that depart- 
ment within which the physiological effects only can be sub- 
mitted to an accurate investigation, and not the galvanome- 
tric effects, the application can only be warranted by a com- 
plete parallelism of the physiological phenomena in both de- 
partments. Now the physiological action of the extra current 
is already made known by the experiments of Sturgeon* and 
Magnusf, and is analogous to that of the secondary current — 
which we have been examining, for the former has shown that 
the shock on breaking a galvanic circuit is stronger when, instead 
of a solid iron cylinder, a bundle of iron wires is introduced © 
into the spiral forming the connecting wire; the latter, on the © 
other hand, that the power of this shock is diminished when the 
bundle of wire is enclosed in an entire conducting case. Ithere- — 
fore only subjoin a few experiments, which show that it is not 
necessary for the metallic case to separate the bundle from the © 
connecting wire, but that the same phenomena occur when this — 
case surrounds externally the wire electro-magnet, and that 
spirals are just as effective as cases, whence it is rendered more — 
obvious that the retarding cause is referable to an induced electric 
current. 

36. Spirals of insulated copper wire were wound round bun- 
dles consisting of from twenty-five to fifty iron wires, and with 
the electro-magnet thus formed and others formed of solid iron, 
a galvanic circuit was closed by means of handles. On breaking 
the circuit a brilliant radiating spark appeared, and a consider- 
able shock. The electro-magnets formed from the bundles of 
wires were now inserted in an entire brass tube. The shocks 
almost entirely disappeared, and the spark was very slight. 
The brass tube cut longitudinally, however, produced no change 
in the action of the electro-magnet; the spark retained its great 
brilliancy, and the shocks their former power. 

The same results were obtained with the entire and cut gun- 
barrel when they surrounded the electro-magnetized bundle of: 
wires, with this difference only, that in the entire gun-barrel a 

* Annals of Electricity, i. p. 481. + Pogg. Ann. xlviii. p. 95. 
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very slight shock was perceived, The same takes place with 
tubes of sheet iron. Enclosing spirals of copper wire, which 
surround the spirals, have a similar influence in all these experi- 
ments to cut brass tubes when the ends of the spirals are un- 
connected, but they act on the contrary as entire tubes when 
their ends are connected. 

Although the parallelism of the secondary current and the 
extra current cannot be traced further, yet it may be permitted 
to assume it for the galvanometric test, for, as will be shown 
hereafter, complete correspondence can be proved to exist 
between both currents for the induced current of the Ley- 
den jar. 


Il. Currents induced by the evanescent magnetism of electro- 
magnetized rods of iron and bundles of wires, when the 
current magnetizing them is that of a thermo-battery or 
thermo-pile. 


37. If the poles of the thermo-battery described above (6) are 
united by a powerful electro-magnet with wire 2} lines in thick- 
ness, sparks are perceived on breaking the circuit, as when con- 
nexion is made by a flat spiral of sheet copper; at the same 
time the horseshoe attracts the keeper very decidedly. If the 
handles attached to the ends of the induction-spirals which ‘sur- 
round the electro-magnet are grasped in the hands previously 
moistened, a shock is perceived on breaking the circuit or pile. 
The shock of a bundle of wires disappears if it is enclosed in 
an entire brass tube. On the contrary, the galvanometric. ac- 
tion is in both cases alike. The shock appears here likewise 
more intense when the break quickly follows the closing of the 
circuit. 

38. The shock on breaking the circuit in a direct manner by 
means of a connecting wire of sheet copper forming a flat spiral, 
is perceptible when the discharge is effected by platinum spa- 
tulas through the tongue, and is very much increased by the in- 
sertion of bundles of wires. This last increase of power could 
not be perceived in the discharges of a battery with smaller ele- 
ments, having the dimensions of one of Nobili’s piles for mea- 
suring the conduction of heat. 

The current induced by the connecting wire of a thermo-bat- 

K 2 
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tery has the same properties therefore as that produced by the 
connecting wire of a galvanic battery. 


III. Currents induced by the evanescent magnetism of electro- 
magnetized rods of iron and bundles of wires, when the 
current magnetizing them is produced— 


1. By the approach of an entire copper wire to a steel 
magnet. 

2. By the approach of soft iron to a steel magnet. 

3. By the combination of both methods of excitation 
in Saxton’s machine. 


39. Whilst a magnet at rest only exerts an influence upon what 
are called magnetic metals, exciting in them magnetic polarity by 
communication, the action of a magnet in motion is known to 
affect all the metals, producing in them electrical currents. In- 
stead of moving a magnet mechanically, magnetism can also be 
produced and destroyed in a stationary bar of iron by the ap- 
proach and removal of a steel magnet. If a powerful action is 
required, the wire in which the electric current is to be produced 
must surround with numerous coils the bar of iron which is to 
be magnetized. If the magnetizing is effected by the approach 
of a magnet to the iron rod, a mixed result is obtained produced 
by ¢wo excitations; for when the magnet approaches the iron, 
it approaches at the same time the coil of wire which surrounds 
it. The effect of this approach must on no account be over- 
looked, for I have obtained with a machine constructed on the 
principle of Saxton’s machine, the cylindrical coils of which 
however contained no iron, such powerful shocks, when the hands 
were wetted and the keeper quickly rotated, that it was diffi- 
cult, on account of the resulting cramp, to open my hands. 
But there is a means of neutralizing the effect produced by the 
approximation of the wire to the magnet. As a current in an 
opposite direction is produced in a spiral brought near the 
north pole of a magnet, to that which is produced in a similar 
spiral brought near to the south pole, it is only necessary to 
coil the wire surrounding the iron rod into another similar 
spiral, and to approximate this empty spiral in the same manner 
to the south pole as the one containing the iron nucleus is ap- 
proximated to the north pole. The currents produced in the wire 
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by its approach to the magnet then destroy each other com- 
pletely, and there remains only in the wire the effect produced 
by the magnetism of the iron nucleus. Instead of approaching 
two spirals coiled in a like direction to both poles of the magnet, 
two spirals, one right, the other left-handed, can be connected 
crossways. Upon this principle I had the following apparatus 
constructed. 

40. The annexed drawing re- 
presents the rotating keeper of — 
a machine, constructed in other = 
respects upon the principle of 
Saxton’s by M. Oertling: it 
consists of a wooden disc upon p 
a rotating axis, upon which are 
firmly fixed two hollow coils, 
the wire of each being 400 feet 
in length, and one-third of a line in thickness. Into these 
empty wire coils g g and r r, massive iron cylinders d, or bundles 
of wire d’ 13!""6 in diameter, and 22""-5 in height can be placed, 
and by a screw s firmly fastened to the transverse wooden disc 
of the keeper. To be able to connect both wire coils in the same 
or alternate direction, the ends of both coils must not be imme- 
diately connected with the interrupting arrangement of the 
keeper, but must remain free. A connexion of these ends by 
wire-clamps is not however convenient, for, if they are not very 
tightly fastened, and the keeper rotates quickly, they are liable 
to be forcibly thrown off. I have therefore connected a contri- 
vance to the keeper, which, as it is intended for compensating, 
may be called a compensator, and which, by means of two move- 
able arms v 2, admits of both coils being connected in the same 
or in the alternate direction, and also of only one coil being 
active. In the first case, the arms rest in the figure upon + +, 


in the second upon — —, and in the third upon + —. When 
the arms rest in the position + + the connexion is then pRaban; 
when in the position — — then it is paBba n; and lastly, when 


they rest upon + — it is p d an, in which case it is immaterial 
whether connexion takes place at the upper or lower plate. 
+ — and — + are two small copper plates placed one above 
the other, 8 is clamped below the upper one, « below the lower 
one. The point of rotation of the arm 2’ leads by means of p 
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to the iron roller upon which the interrupting springs slide* ; the 
point of rotation of the arm a leads by means of the whole coil 
of wire 6 a through n to the other. 

When the compensator has the position + +, and the spirals 
are empty, a current is obtained induced by the approach of a 
closed conductor to a steel magnet. In the position of the com- 
pensator — — with empty spirals, an equilibrium of current is 
established for physical, chemical and physiological tests. If, 
however, one of the coils then contains a solid iron cylinder, 
a current is obtained, induced by the sole action of the magnetic 
polarity produced in the iron cylinder. The axis of the keeper 
must of course turn perfectly true upon a conical point, in con- 
cave conical hollows, because the masses now set in motion by the 
rotation are no longer symmetrically placed with relation to the 
axis of rotation. If, on the contrary, the compensator having 
the position + +, an iron cylinder is placed in each of the coils, 
then a current is obtained induced by the assumption of magne- 
tic polarity by these cylinders, and by the approach of a closed 
copper wire to a steel magnet, producing therefore the most 
powerful action. As this arrangement is the same as that usu- 
ally adopted in the construction of Saxton’s machine, I have 
made use in these experiments of that instrument, as it is de- 
picted (at fig. 7) and described in the sequel, § 70, in which the 
cross beam is also of iron, and the wire can be so connected that 
both coils are joined at their two ends in a kind of parailel con- 
nexion. 

The current excited in this ¢riple manner in the wire coils of 
the keeper was now circulated in the inner spirals of the third 
differential inductor, of which the inner and outer spirals were 
composed of wire 400! in length. This apparatus was so sensi- 
tive when both inductions were combined, that a tube of thin 
sheet nickel produced a distinctly positive action, and the nega- 
tively disturbed equilibrium of the differential inductor could be 
traced by means of a bar of brass placed in one of the spirals, 
connexion being established by the mouth. The experiments 
gave the following results. 

41. An unenclosed bundle of wire and one placed in a cut 
tube very nearly compensated each other physiologically. If, 


* The more accurate description of these rollers, depicted in Plate I. fig. 7, 
W, Wo, Will be given afterwards, § 79. 
I § S 
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however, the unenclosed bundle acts in a contrary direction to 
an enclosed bundle, powerful shocks are obtained. In the gal- 
vanometer a solid iron cylinder more than overpowered 140 thin 
iron wires, whilst thirty-six were sufficient to retain it in physio- 
logical equilibrium. The physiological series for the following 
substances was ascertained by drawing out the rods which were 
opposed to each other. The following is the series, beginning 
with the substance that exerted the most powerful action :— 


Unenclosed iron bundle of wire. 

The same bundle in a longitudinally cut tube. 
Cut tube of tinned sheet iron. 

Entire tube of tinned sheet iron. 

Cut gun-barrel. 

Entire gun-barrel. 

Soft iron cylinder. 

Cylinder of white and gray pig iron. 

Soft steel. 

Hard steel. 

Tube of nickel and square bar of nickel. 
Bundle of iron wire in an entire tube of brass. 


This series, as also the whole of the phenomena observed, are 
analogous to those which were obtained when the iron was mag- 
netized by means of a galvanic battery. 

42. The two other modes of excitation of the current, on the 
one hand by means of an empty wire keeper, and coils of wire 
connected in the same direction, and on the other hand by means 
of compensating coils, in one of which was placed a bar of iron, 
gave analogous results, namely, a shock when an unenclosed 
bundle of wire was opposed to an enclosed bundle which com- 
pensated it galvanometrically. 

Uniform results are therefore obtained when the primary cur- 
rent is— 

1. That of a galvanic battery. 

2. That of a thermo-battery. 

3. That of a Saxton’s machine. 

4, That excited by the approach of a closed conductor to a 
magnet. , 

5. That excited by magnetizing iron in an enclosing wire by 
means of a steel magnet. 
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The phenomena essentially differ from these when the pri- 
mary current is that produced by the discharge of a Leyden jar. 


IV. Currents induced by iron which was magnetized by the 
discharge of an electrical battery. 


43. Ifa battery*, to which a constant charge has been com- 
municated by means of a unit jar, is discharged through the 
inner spirals of the differential inductor for frictional electricity 
(described § 8, fig. 3), the shock of the induced current in the same 
direction with the primary current is obtained from the secon- 
dary spirals, which are connected together in the same direction. 
This has been shown, independently of each other, both by 
Henry + and by Riess tf. 

This shock is modified when metallic substances are placed in 
the previously empty tubes. Whether the change which then 
occurs is due to an increase or decrease of power it is difficult to 
determine, when the modification is but slight, and other methods 
of testing it are requisite in order to arrive at a safe conclusion. 
When the secondary spirals are connected crossways, an equili- 
brium of the currents is established for all the methods of test- 
ing which are here applicable, and this is immediately destroyed 
by the insertion of a metal into one of the compensating spirals. 
But the current which then appears does not deflect the needle 
of the galvanometer; for, when the revolutions of the wire which 
are wound upon glass are insulated in the most careful manner 
from each other, by varnishing the wire already covered with 
silk, sparks will constantly pass from one coil to the other; 
the current tested with iodide of potassium exhibits no chemical 
decomposing power, nor does it magnetize soft iron in such a 
manner, that a magnetic needle placed by the side of it is de- 
flected, or that iron filings stand on end when sprinkled over it. 
For ascertaining the direction of the current, therefore, there 
remains no other means than the process proposed by M. Riess, 
by which resinous figures are obtained§, or that by means of the 


* Different batteries were employed in the experiments, some consisting of 
smaller, some of larger jars: the number of the jars was also changed, but not 
in the same series of experiments. The results obtained from these different 
batteries were all in unison. 

+ Transactions of the American Philosophical Society, vol. vi. p. 17. 

t Poggendorff’s 4nnalen, |. p. 1. § Ibid. li. p. 353. 
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condenser*, and also a physiological test, to which I was led in 
the course of the experiments. The following are the results. 


1, Physiological and electroscopical effects of the induced current. 


44, The physiological action of the current induced in the 
secondary wire by the connecting wire of the battery is dimi- 
nished by all unmagnetic metals, and so much the more the bet- 
ter the metal conducts. This decrease of power is therefore 
much less with antimony, bismuth and lead, than with copper 
and brass. With previously compensated spirals, the shock ob- 
tained is therefore so much the more powerful the better the 
metal conducts which is placed in one of them. The current 
tested by the condenser and by the resinous figures proceeds 
from the empty spiral; the resulting shock is therefore caused 
by the weakening influence of the metal upon the spiral in which 
it is inserted. 

45. If, instead of a solid metallic cylinder or a metallic 
tube, a cardboard tube surrounded with a spiral wire made of 
copper and covered with silk is inserted into one of the connecting 
spirals, the equilibrium of the current remains unimpaired in the 
secondary spirals when their ends are not joined, but it is de- 
stroyed when their ends are connected. A spiral formed of a 
once doubled wire, which may be considered to consist of two 
like spirals united in an opposing direction, does not destroy, 
when the ends are joined, the equilibrium of the current in the 
secondary spirals: the effect of the first wire must therefore be 
attributed to an electrical current excited in it, the inactivity 
of the second to the mutual neutralization of the destructive influ- 
ence by two equal electrical currents. 

46. Such electrical currents must also exist in solid cylin- 
ders and entire tubes; for the effect of the former is diminished by 
a longitudinal division, é. e. by the conversion of the brass cylin- 
der into a bundle of well-insulated brass wires: the effect of the 
latter is also weakened by a longitudinal section. Bundles of 
brass wires exert a less obstructive action than an entire tube of 


* These and a few others of the following experiments I instituted in com- 
mon with M, Riess, who permitted me to make use of his apparatus for that 
purpose. The modes of proceeding proposed by Pacinotti and Joule by means 
of a perforated card, and the passing of a spark with the wire ends projecting 
over each other, were made known at a later period. 
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much less mass of metal, the tube and the bundle being alike in 
external circumference. A simple method of testing whether a 
metallic bar placed within one of the tubes destroys the physio- 
logical equilibrium of the current in the secondary spirals by 
weakening the action of its spiral, is that of placing brass wires 
into the other empty tube, a certain number of which must even- 
tually restore the equilibrium which had been disturbed. 

47. Forged iron, soft and hard steel, white and gray pig iron 
in the form of solid cylinders and prismatic rods, and also in 
the form of entire tubes, as gun-barrels and welded tubes of sheet 
iron, all weaken the physiological action of the induced cur- 
rent. The same is the case with piles of discs of steel, of forged 
iron and of tinned sheet iron, both when they are arranged 
with insulating and conducting discs between them. The cur- 
rent produced by forged iron and steel, tested by the conden- 
ser and the resinous figures, proceeded from the empty spiral. 
The weakening influence of forged iron, steel and pig iron, is 
however different; for with two opposing cylinders of differ- 
ent kinds of iron in the compensated spirals, vibratory mo- 
tions are always observed on an insulated preparation of the 
frog. 

48. The physiological action, on the contrary, is increased 
by longitudinally cut gun-barrels, and particularly by well insu- 
lated bundles of iron wire. A shock from the similarly connected 
secondary spirals that was perceptible in the joints of the hand, 
extended to the middle of the upper arm upon the insertion of 
two such bundles of wire, but it was so weakened by the inser- 
tion of two cylinders of wrought iron, that it could only be felt 
in the extremities of the hand. The current tested by the con- 
denser and the resinous figures, with compensated spirals, pro- 
ceeded from ¢hat spiral in which the bundle of wire was placed. 
Here then there is a marked distinction between the inducing 
action of iron depending upon the manner in which it is mag- 
netized, whether by the current of a galvanic battery, or by that 
produced by the discharge of a Leyden jar. The inducing ac- 
tion of the spiral-shaped connecting wire of a galvanic battery 
upon a secondary wire is increased when iron in any shape is 
inserted into it, whilst the connecting wire of a Leyden jar hasa 
less powerful inducing action upon a secondary wire when a 
solid iron rod is inserted in it, than when it is empty; and 
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on the contrary, the inducing action is greater when this iron is 
used in the form of a bundle of wire. 

49. A bundle of insulated iron wire, however, which is sur- 
rounded by an entire tube of brass, has the same action as a 
solid iron cylinder, i. e. it weakens the shock of its spiral, and 
a current is produced proceeding from the empty spiral. The 
same is the case when it is surrounded by a spiral of copper wire 
coiled throughout in the same direction, and connected at the 
ends. It also shows a weakening action, though this is but 
very slight, when this spiral is a bad conductor, composed of 
German silver for instance; and it is not impossible that, with a 
greater number of wires in its interior, and a thinner spiral wire, 
the action might be produced in a contrary direction. A spiral 
formed of a doubled copper wire with connected ends, is likewise 
here without effect, for a bundle of wire enclosed within such a 
spiral retains in equilibrium an wnenclosed bundle of wire in the 
other tube. 

50. A solid rod of nickel produces hardly a perceptible 
physiological action with compensated spirals. The current 
produced by it, however, tested by the condenser and the re- 
sinous figures, proceeds from the spiral in which it is placed. 
Solid nickel, therefore, increases the inducing action, whilst 
solid iron decreases it. The previously existing polarity of the 
nickel has likewise no effect upon it, for the direction of the cur- 
rent remains the same when an opposite position is given to the 
bar of nickel in relation to its spiral. With varnished nickel 
wires we may therefore expect a still more marked increase of 
power. 

51. All the facts here established are independent of the rela- 
tive position of the connecting spiral, the secondary spiral, and 
of the cylinder to each other; for they were obtained in the 
same manner when the battery was discharged through the outer 
spirals, and the induction tested upon the inner spirals. 

52. To ascertain whether a rod placed in one of the tubes in- 
creases the physiological action, iron wires may be placed in the 
other tube until equilibrium is again established, whilst in the 
case of the inserted rod decreasing the action, the disturbed equi- 
librium must be restored by the insertion of wires of a non-mag- 
netic metal, such as brass. Zin wires must be chosen for such 
testing experiments ; for, as a single wire may be considered as a 
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cylinder, which, from what has been stated before, and particu- 
larly when it has a certain thickness, has a weakening effect, 
there will be, for wires of a definite thickness, a certain number 
which is quite inactive. Such an inactive combination of wires 
of the thickest kind of wire was actually very nearly obtained 
for a certain battery charge. This number must therefore be 
exceeded when wires are chosen for testing the increasing action 
of another substance, and the number must be ascertained by a 
preliminary experiment. 


2. Steel magnetized by the induced current. 


To avoid anomalies, ¢hick needles were chosen, and the length 
of the wire remained unchanged ; a constant charge was always 
communicated to the battery by means of a unit jar. 

53. If the equilibrium of the current is destroyed, with com- 
pensating spirals, by the insertion of a conducting substance 
into one of the spirals, the polarity of a steel needle magnetized 
by the current in excess shows, that the current proceeds 
from the empty spiral when the inserted substance* is a foil of 
iridium, platinum, gold, silver, or a rod of copper, brass, tin, 
zinc, lead, or an alloy of 1 copper and 1 bismuth, of 3 copper 
and 1 bismuth, of 3 copper and 1 antimony, of 1 zine and 1 
bismuth, of copper, tin, lead, zinc and antimony, of lead and 
iron, of brass and iron, of bell-metal ; lastly, strips of copper and 
antimony melted together crossways, of bell-metal and antimony, 
of antimony and bismuth. The equilibrium of the current re- 
mained undisturbed when this rod was composed of antimony 
or of bismuth, or of an alloy of 1 bismuth and 1 antimony, or of 
3 bismuth and 1 antimony. On the contrary, the polarity was 
in the direction of the current proceeding from the filled spiral 
when it contained an wnenclosed bundle of wire, or one enclosed 
in an entire tube, or a column of steel, iron, or tinned iron discs, 
a solid cylinder of forged iron, of soft or hard steel, of white 
or gray pig iron ; and lastly, a rod or tube of nickel. A division 
of the mass of iron into wires increases in an extraordinary man- 
ner the magnetizing effect ; for bundles of wire opposing cylinders 


* The results which were obiained when that metal, which, in the form of a 
rod, was non-magnetic, was inserted into the magnetizing spirals in the form of 
an insulated bundle of wire, will be given afterwards at § 62. 
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of forged iron, steel and pig iron in the other spiral, retain their 
more powerful action when the mass opposed to them is many 
times their own mass; fourteen insulated wires 0-70 in diame- 
ter compensate exactly the cylinder of forged iron. If however 
the more powerful bundles of wire are enclosed in entire brass 
tubes, the same solid cylinders then overpower them in their 
magnetizing action. 

In relation to the magnetizing of steel needles, therefore, the 
phznomena are quite analogous, whether the magnetizing is 
effected by galvanic or by frictional electricity, and that differ- 
ence which was observed in the physiological effects is no longer 
here perceptible, i. e. iron in whatever form it is used, or in what- 
ever manner it may have been magnetized, increases the magne- 
tizing action upon steel exerted by the current induced in the 
secondary wire by the connecting wire; whilst, when the iron is 
| magnetized by the discharge of a battery, it only increases the 

physiological action of the spiral when it is divided into wires, 
| or is in the form of a longitudinally cut tube; on the contrary, 
it effects the same under any form when it is magnetized by the 
influence of a galvanic current. 


3. Calorific action of the induced current. 


The heating influence of the induced current is independent of 
its direction. It was therefore measured with a single pair of 
spirals, which was employed empty, and into which the sub- 
stances to be tested could be inserted. An elevation of tempe- 
rature points therefore directly to an increase of power in the 
current, a diminution thereof to a decrease. An electric air 
thermometer and a Breguet’s metallic thermometer were em- 
ployed for measuring the temperature. 

54. When magnetism is produced by frictional electricity, 
the measured calorific effect of the current induced in the secon- 
'| dary wire by the connecting wire is weakened both by bundles 
of iron wire, by iron bars and by nickel; their action is therefore 
the same as that of unmagnetic metals, in which the same has been 
demonstrated by M. Riess. If however the primary magneti- 
zing current is that of a galvanic battery, masses of iron and 
bundles of iron wires increase the calorific action of the induced 
current. 
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4. Induction exerted by the connecting wire of a Leyden jar 
upon itself. 


55. This, to my knowledge, has never yet been experimentally 
proved. It may however easily be done in the following manner: 
—If mn (Plate I. fig. 5) represents the connecting wire of a Ley- 
den jar, and a 6 the spiral portion of it, c h h d a secondary con- 
nection which, by means of the handles h h, is effected through 
the body, a shock is perceived at the moment a spark passes at 
n; this however is not the case when the secondary connexion 
is made as represented in fig. 6, even when the distance from 
h to h is precisely the same in both cases. In the former case 
the spiral portion of the connecting wire is closed by the body 
connecting 4 with A; in the latter it is not so. If the shock 
were produced by a division of the current, it must inevitably 
occur in both cases. As this is not the case, it must be the 
effect of a true induction. The power of the shock is increased | 
very perceptibly by a bundle of wires. A cylinder of nickel 4 
inches long and 14 inch thick was now inserted, without en- 
abling me to ascertain in which direction the change was effected, 
as the power of the shock rendered it comparatively small. 
The insertion of a solid iron cylinder, however, materially 
weakens the shock, as does also the insertion of a non-magnetic 
metal. A closed secondary spiral surrounding the spiral portion 
of the connecting wire considerably decreases the power of the 
induction shock of the connecting wire, but very little however 
when it is composed of two pieces unsymmetrically joined. 
With the calorific test a decrease is observed at the secondary 
connexion on the insertion of iron in any form, but an increase 
in the power of magnetizing a steel needle. The induction of 
this extra current is therefore identical with that of the secondary 
current in separate wires. 


5. Results of the experiments with electro-magnetized iron. 


56. If the results which have been obtained by magnetizing 
iron with electricity from different sources be collected into one 
general view, we find that— 

a. Iron in the form of solid rods, of entire or longitudinallyj} 
cut tubes, of insulated bundles of wires with or without con- 


DOVE ON THE ELECTRICITY OF INDUCTION. 143 


ducting cases, or in the form of piles of discs ; moreover, forged 
iron, soft and hard steel, white and gray pig iron and nickel, 
when electro-magnetized by the current of a galvanic battery, a 
thermo-battery, a Saxton’s machine, by the approach of a closed 
wire to a magnet, and lastly, by the action of a piece of iron ap- 
proaching a steel magnet upon a closed wire which surrounds it, 
produces electric currents in a wire which surrounds it, when 
this magnetism becomes evanescent. 

6. The inducing action of the same mass of iron as a continu- 
ous whole is in general very different from the action of the same 
mass of iron when it is divided into wires: this difference how- 
ever varies in kind, according to the mode by which the iron is 
electro-magnetized. 

c. When the iron is magnetized by the connecting wire of a 
galvanic battery, a thermo-batiery, or by a magneto-electrical 
current, in either of the three modifications distinguished above, 
the galvanometric action of the current produced by the evanes- 
cent magnetism on breaking the circuit, remains the same when 
the iron is broken up into bundles of wires, as does also the pro- 
perty of this current to magnetize soft iron; whilst on the other 
hand, its physiological action, the sparks which it gives rise to on 
being interrupted, and the magnetism produced by it in steel, 
are much more powerful. If the bundle of wires is surrounded 
by a conducting case, as an entire tube or a single coiled spiral 
with connected ends, its action is that of a solid bar of iron. 
If, on the contrary, the case is not entire, i. e. consists of a longi- 
tudinally cut tube or of a simply coiled spiral with unconnected 
_ ends, it acts nearly as powerfully as an unenclosed bundle. A 
spiral composed of a doubled coiled wire surrounding the bun- 
dle of wires, and having its ends connected, is as inactive as a 
single coiled wire with unconnected ends. If the mass of iron is 
divided by sections at right angles to its length into discs, the 
current induced by this pile of discs is very much weaker in its 
physiological action. 

d. The differences which have just been noticed between iron 
rods and bundles of iron wires attain their maximum when they 
are magnetized by the discharge-shock of a Leyden jar. A spiral 
wire with a nucleus of iron, for instance, induces a more powerful 
current in a secondary spiral surrounding it as regards the phy- 
siological, magnetizing, galvanometric, heating and chemical ac- 
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tions, than an empty spiral wire without an iron nucleus, when 
the galvanic current which magnetizes this iron ceases. The in- 
crease of physiological action on breaking up this iron nucleus 
into wires, and the greater degree of vividness of the sparks of 
the induced current, as well as the increasing intensity of the 
magnetism in a steel needle polarized by the current, are there- 
fore due to an augmentation of the action already exerted by the 
solid iron. The inducing action of the empty spiral which is 
traversed by the momentary current produced by the discharge 
of a Leyden jar is greater, as regards the physiological and elec- 
troscopic actions of the secondary current, than when a solid 
iron nucleus is contained in it; it is Jess powerful however than 
that which is produced by the insertion of a bundle of iron wire, 
a longitudinally cut iron tube, or a solid rod of nickel. If the 
bundle of wire is surrounded with an entire case, the bundle 
which previously exerted an augmenting action now acts as a 
solid rod, i.e. has a weakening effect. The heating effect of 
the secondary current is on the contrary diminished both by 
solid iron and bundles of wire, indeed by iron in every shape, 
as well as by unmagnetic metals: the capability of magnetizing 
steel is increased by iron and nickel in every form, but it is di- 
minished by solid rods of unmagnetic metals. 

e. If the connecting wire of the galvanic circuit or of the Ley- 
den jar exerts an inducing action, not upon the secondary wire, 
but upon its own parallel coils, this extra current exhibits to all 
the tests that could be applied the same relations as the se- 
condary current. 

f. The influence of conducting cases is caused by an electrical 
current induced in them by the connecting wire, which can be 
shown to exist in them, by connecting the edges of the longitu- 
dinally cut cases by means of a galvanometer, or some other 
kind of rheoscope. The same is true of the ends of enclosing 
spiral wires, which, simply coiled, exhibit a current when their 
ends are connected by the galvanometer, but on the contrary, 
show no current when they are composed of a doubled wire, and 
then closed by the galvanometer. Tubes and enclosing spirals 
weaken the physiological action of the bundles of wire contained 
within them, so much the more the better the substance con- 
ducts of which they are composed. With solid iron rods the 
surface acts as a conducting case enclosing an insulated bundle 
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of wire. Hence it is explained why nickel in the form of a 
solid rod, magnetized by the discharge of a Leyden jar, has 
a more powerful inducing action than iron. It has the same 
action as a bundle of wire in a badly conducting case: iron acts 
as a bundle of wire in a case composed of a good conductor. 

g. The current induced by an unenclosed bundle of wire attains 
sooner its maximum intensity than that induced by a solid 
iron rod, or by a bundle of wire contained in an entire case, 
when the quantity of electricity set in motion by both is the 
same; for, with two currents which compensate each other in 
the galvanometer, the needle assumes an oscillatory motion, first 
moving in the direction of the current from the bundle of wire, 
then in favour of that induced by the solid iron. For the 
same reason, equilibrium having been established in the galva- 
nometer, the former current is more powerful than the latter in 
its physiological action, in the property which it possesses of 
magnetizing steel, and in the production of more vivid sparks. 

h. Cast iron exerts a more energetic physiological action than 
could have been anticipated from its action on the galvanometer. 
It is therefore more allied in its inducing action to an insulated 
bundle of wire than to malleable iron. 

zi. All kinds of iron produce more powerful mduction-currents 
on repeated electro-magnetizing, when they are magnetized alter- 
nately in opposite directions, than when this is always effected 
in the same direction. They all retain a portion of the mag- 
netism excited in them, and therefore undergo a more powerful 
magnetic change when alternately magnetized in opposite direc- 
tions, than when the same direction is always preserved. 


6. Some remarks relating to the theory of Ampére. 


57. Starting from the axiom, that electric currents flowing 
in the same direction attract each other, whilst they repel each 
other when flowing in opposite directions, Ampére has shown 
that every magnetic action can be traced to the action of closed 
electrical currents. Ampére has gone a step further, and has 
proclaimed the identity of electro-magnetic and magnetic phzno- 
mena, and assumed, consequently, that an electric current cir- 
culates round every molecule of iron, which currents are in vari- 
able directions in unmagnetic iron, and assume a parallel di- 
rection under the influence of a magnet or of an electrical cur- 
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rent. This assumption has gained probability by the discovery 
of magneto-electricity, for every magnetic action of an electrical 
current, when it is produced by some other means than an 
electric current, gives rise to an electric current in an oppo- 
site direction to that current which would itself have produced 
it. The more numerous, however, the points of coincidence 
in both departments are, the more necessary it is to point out 
the phznomena which appear to be incompatible with their 
identity. 

In the first place, as regards the occurrence of magnetic po- 
larity by the influence of an electric current, it results always 
under such conditions as never give rise to electric currents. 
For an electric current excites in a conductor placed by its 
side another quickly subsiding electric current only when it 
begins and when it ceases, not however during its continuance. 
It produces magnetism, on the contrary, during the whole time 
of its continuance, in a piece of iron placed by the side of it, 
which attains its maximum in an appreciable space of time. 
The peripherical electric currents, supposed hypothetically by 
Ampére to surround the molecules of iron in order to explain this 
magnetism, differ therefore, on the supposition that they are now 
for the first time produced, from all known electric currents, 
inasmuch as they are produced during the continuance of an 
electric current, i.e. they occur under conditions where no 
other electric currents could be excited. This difficulty is 
avoided by the theory, on the ground, that existing currents cir- 
culating round the molecules of iron are only directed and not 
produced by the external current. But then the phenomenon 
that an electro-magnet returns to its unmagnetic state, when 
the primary magnetizing current ceases, is without analogy in 
the other departments. A polarized ray of light remains polar- 
ized when it is removed from the active agency of the reflecting 
or refracting substance: the oscillatory directions of the particles 
of zther which have become parallel remain parallel when they 
have once become so. For what reason then do the elementary 
currents which have become parallel cease to be parallel when 
the current which brought them into this parallel direction 
ceases to flow? for they themselves can have no tendency to di- 
gress from their parallel direction. The cause of this phzno- 
menon, be it what it may, must nevertheless be, according to the 
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hypothesis, of an electric nature. Wherefore then is it not con- 
nected with the power of conduction of the metals? 

58. The inferences to be drawn from the experiments in this 
memoir, when viewed without any preconceived hypothetical 
notions, are, that when iron is electro-magnetized, two phzno- 
mena result which are opposed to each other, namely, the exci- 
tation of electric currents, and the production of magnetic 
polarity. -In the researches which have hitherto been made in 
this field of inquiry, the effect of the magnetic polarization al- 
ways overpowered the obstructing influence of the electric cur- 
rents produced at the same time; we obtained therefore, by pre- 
venting more or less the formation of these latter, merely an 
augmentation of the effect already produced by the magnetic 
polarization. The experiments instituted with the aid of fric- 
tional electricity showed, under the same circumstances, a com- 
plete reversion of this action into that of an opposite nature. 
This reversion, however, does not take place simultaneously for 
the physiological action of the induced currents, for their mag- 

-netizing properties and their calorific effects, so that the same 
experimental arrangement which renders more powerful one of 
these effects, exerts at the same time a weakening influence upon 
another. Consequently all explanations which were advanced to 
explain one of these actions in its different modifications alone 
are set aside. Now, as it does not appear advisable to call by 
the same name, and consider identical, two forces of nature, the 
one of which begins to act under conditions in which the other 
never occurs at all, and which, when they are both simultane- 
ously active in the same body, so oppose each other, that some- 
times one, sometimes the other predominates, I think it more 
appropriate to consider the magnetic polarization as not only 
an independent but as an opposing agency to the electric cur- 
rents excited in iron. 

The explanation of the phenomena which have here been ob- 
served would then be the following :— 5 

59. The primary active electric current traversing a spirally- 
coiled wire which surrounds the iron, produces at the moment 
in which it commences electric currents in the iron; during its 
continuance it causes magnetic polarity, which is more tardily 
augmented than that current, and in the moment that it ceases 
an electric current is again produced. The second electric 
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current produced on the ceasing of the primary current, and 
having the same direction with it, acts in a contrary direction 
to that produced by the magnetism. If the magnetism has 
had time to develope itself during the longer continuance of the 
current, as is the case with galvanic magnetization, its action 
overpowers the opposing action of the electric current pro- 
duced on the cessation of the primary current. Al] means there- 
fore that are used to hinder the formation of electric currents, 
increase the action already exerted by the solid iron. If how- 
ever the primary current is of an exceedingly transient nature, 
as that caused by the discharge of an electric battery, and the 
magnetism has consequently not time to develope itself com- 
pletely, then the electric current produced on the cessation of 
the primary current overpowers the action of the. evanescent 
magnetism*. The dissolution of these electrical currents by 
breaking up the mass into wires, or the obstruction to their for- 
mation by a badly conducting mass, as nickel, completely re- 
verses this action, for the excess which before this separation 
was in favour of the electric currents, is now brought in the 
first instance in favour of the evanescent magnetism. But the 
limit of equilibrium for both is not the same for the calorific, 
the physiological and the magnetizing actions, because the de- 
pendence of each of these upon the intensity of the evanescent 
magnetism will be different from their respective change by the 
opposing electric current; for the magnetizing action, the 
power of the evanescent magnetism will still remain predomi- 
nant, when for the calorific effects the electric current is the 
more powerful, and the physiological phenomena fall on both 
sides of this line. 

Ampére first considered a magnet as an iron rod which was 
peripherically surrounded by electric currents. As, however, 
according to Coulomb’s view, we can only account for the distri- 
bution of magnetism in an iron bar by supposing it made up of 
lmear magnetic elementary lamellz arranged side by side, Am- 
pére substituted for his first assumption an electro-dynamic 
solenoid, the most nearly approaching realization of which is an 
electro-magnetized bundle of wires. But to resolve the inducing 


* At § 77 the same result is obtained by other means with magneto-electric 


induction, namely, weakening the physiological action of a current by the in- 
sertion of massive iron, and increasing the same by bundles of iron wire. 


ee a 


DOVE ON THE ELECTRICITY OF INDUCTION. 149 


action of a solid electro-magnet into that of a bundle of wires, 
the latter must be surrounded by a conducting case. A solid 
electro-magnet would then be iron, in which, besides the elec- 
tric currents running parallel to each other round the individual 
particles, the whole is moreover surrounded by peripherical cur- 
rents. The electro-magnetization of iron would then be an ar- 
rangement of already existing electric currents; and besides 
this, a production of new currents, and moreover of a different 
kind, as the action of the latter interferes with that of the for- 
mer. If however we are forced to distinguish the electric cur- 
rents which can be shown in iron from those which are hypo- 
thetical, it would appear to be simpler to go a step further and 
proclaim electricity and magnetism to be two distinct forces of 
nature. The question now arises, what phenomena of induc- 
tion are presented by a bar of iron in which magnetism is eva- 
nescent, without the simultaneous excitation of electric currents 
in the iron; and what phznomena are presented by non-mag- 
netic metals in which the peripherical electric currents are de- 
stroyed by breaking them up into wires? The answer to these 
questions is the subject of the two following sections. 


V. Currents induced by the approach of solid iron and bundles 
of iron wire to a steel magnet. 


60. If, in the apparatus described at § 40, and constructed 
upon the principle of Saxton’s machine, the compensator having 
the position — —, an equilibrium of current has been established, 
with empty spirals, for physical, chemical and physiological 
tests, then a disturbance of this equilibrium of current by the in- 
sertion of different substances into the cylinders, will show that 
the inserted substances have a different action; and from the di- 
rection of the resulting current, it can be ascertained which is 
the most powerful. For this purpose solid iron cylinders and 
bundles of wires were employed. ‘Ihe solid iron cylinders 
had a diameter of 13!""6, and a height of 22!"5. The bundles of 
wires were of the same dimensions, except as regards length: 
the brass plate at the end of the surrounding case must be de- 
ducted, and from the diameter the thickness of the surrounding 
case of paper, wood or brass. As the separation of the sliding 
Spring must always be effected in the same manner in relation 
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to the middle of the cylinders, the iron wires must lie symmetri- 
cally in relation to the axis of the wire coil, they must therefore 
once for all be fixed. This is effected by wooden frames and 
brass holders, of each of which there were one cut open longitu- 
dinally, the other entire. 

There were nine such pieces filled with wires, from 44 to 310 
in number, the latter with a paper covering, the wires of which 
were held together by lac. All the iron wires were varnished 
to ensure more perfect insulation. 

61. The final result of a very extensive series of experiments 
instituted with this apparatus was, that in relation to physiolo- 
gical action, heating an electrical thermometer, deflection of the 
galvanometer needle, magnetization of soft iron, chemical decom- 
position and production of sparks, the solid cylinders over- 
power the bundles of iron wires. Ifa bundle of wires opposes 
in the one coil a solid cylinder in the other, an addition to the 
number of wires constantly decreases the intensity of the shocks. 
The experimentum crucis in this department is this: two similar 
bundles of iron wires, the one in an entire, the other in a longitu- 
dinally cut tube, retain each other in complete physiological 
equilibrium when connexion is made by the handles with dry 
hands. The very slight action which is perceptible with wet 
hands arises from the current directly induced in the wire coils 
by approaching them to the steel magnet, exciting a secondary 
current in the enclosing case; it is therefore perceptible when no 
bundles of iron wires are inserted into the compensating wire 
coils, and is not to be compared to the powerful differences 
which are obtained with electro-magnetized bundles of wire 
which are unenclosed or inserted in cases. The currents in- 
duced by direct magnetization of the iron differ therefore from 
those excited by electro-magnetization of the iron by a want of 
those characteristic properties, which in these latter can be ex- 
plained by the simultaneous excitation of electric currents ir 
the iron. 


[To be continued. } 
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Artic eE IV. continued. 
Researches on the Electricity of Induction. By H.W. Dove. 
VI. Magnetism of the so-called unmagnetic metals. 


62. WHEN natural bodies are classified in relation to any phy- 
sical agency, we soon find that the idea of antithesis by which the 
substances may be distinguished in that respect from each other, 
which at first presents itself, must be abandoned, for the action, 
which in certain bodies is very energetic, and in others appears to 
be entirely wanting, gradually diminishes throughout the series, 
so that the transition from one to the other is imperceptible. 
Thus between luminous and dark bodies phosphorescent sub- 
stances intervene; between conductors of electricity and insu- 
lators, imperfect conductors; diathermanous substances pass 
gradually into athermanous, and conductors of heat into non- 
conductors. But the transition of the magnetic metals to the 
non-magnetic is so distinctly marked, that whilst all philosophers 
are agreed respecting the magnetic properties of the former, the 
possibility of magnetizing the latter has been as often maintained 
as it has been denied. 

The process which, since the time of Brugmans, has always 
been adopted to prove the magnetism of other substances 
than iron and nickel, is, by endeavouring to direct and to move 
readily mobile substances by means of powerful magnets, or, 
vice versd, to direct and move easily mobile magnets by those 
substances. The double magnetism of Hauy, and the fre- 
quent use of astatic double needles since the invention of Le- 
baillif’s sideroscope, belong to the second method, whilst the 
first has merely been modified by the different experimentalists 

VOL. V. PART XVIII. M 


152 DOVE ON THE ELECTRICITY OF INDUCTION. 


according to the manner in which the substances were made 
moveable, namely, either by swimming upon water or quicksil- 
ver by means of pieces of cork, or by suspension on threads 
possessing very little torsion. 

The method which I have pursued is however different. I 
have tested the relative magnetizability of the different metals 
by the electric currents induced by them in a spirally coiled 
conducting wire surrounding them, when the magnetism excited 
in them became evanescent. How far the results obtained in 
this manner agree with the observations of former natural philo- 
sophers, will be best seen after a short notice of their results has 
here been given. 

63. According to Brugmans*, lead, tin, antimony, gold and 
silver possess no magnetic power; on the contrary, copper float- 
ing on water or mercury is slightly attracted, zine more power- 
fully, as is also bismuth that has a white shining silver colour, 
whilst bismuth having a dark, nearly violet colour is repelled by 
both poles of the magnet. Cobalt exhibits a very weak attrac- 
tion, and arsenic none at all; on the contrary, poles and a point 
of neutrality can be produced in brass. Lehmann+ endeavoured 
at great length to prove that the magnetism of brass was attri- 
butable to iron mixed with it; whilst, on the contrary, Cavallot 
came to a contrary conclusion as the result of his own experi- 
ments. Brugmans considers attraction by the magnet as a proof 
of the presence of associated iron. 

Coulomb § caused needles of gold, silver, lead, copper and tin, 
7 millimetres long, and weighing 40 milligrammes, to oscillate 
between the opposite poles of a powerful magnet, and found the 
time requisite for four oscillations to be respectively 22", 20", 
18", 22", 19", whilst, when removed from the influence of the 
magnet, each required 44” to complete four oscillations. On 
the repetition of Coulomb’s experiments in the Royal Institu- 
tion, Thomas Young obtained less marked results than Coulomb. 
Coulomb himself showed, by artificial combinations of iron 
filings with wax, how little iron was requisite to produce similar 
indications. Biot|| considers the alternative, that these phzeno- 


* Magnetismus, seu de affinitatibus magneticis observationes Academica, 
1778, 4. 

+ De cupro et orichalco magnetico, Nov. Com. Petr. xii. p. 368. 

t Treatise on Magnetism, 1787, p. 283. 

§ Journal de Physique, liv. pp. 367, 454, 1802. 

|| Précis Elémentaire de Physique, sec, ed. ii. p. 78. 
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mena are either the effect of a real magnetism in the metals, or 
due to associated iron, as unnecessary, as they may be the results 
of another force. Lamé* expresses himself in the same manner 
with relation to the experiments of Coulomb, Becquerel and 
Lebaillif. Lebaillift observed attraction with his sideroscope, 
when platinum, iron, nickel and cobalt were used; repulsion, on the 
contrary, with bismuth and antimony. Saigey t maintains, as the 
result of an extended series of experiments, that repulsion is the 
common property of all bodies suspended in the air, but that _at- 
traction is always due to the presence of iron. Ampére and De 
la Rive studied the action of a powerful magnet upon a disc of 
copper suspended so that it could move freely within a copper 
wire through which an electrical current circulated. 

This electro-magnetized copper was affected by the poles of a 
powerful magnet in an analogous manner to electro-magnetized 
iron, according to a statement with which however I am imper- 
fectly acquainted. Becquerel§, on the contrary, found no com- 
plete parallelism between the phenomena of a copper and iron 
needle, when both were suspended in the coils of a multiplier. 
His experiments agree with those of Muncke||, who found that 
brass containing iron disposed itself in a more or less transverse 
position between the similar poles of two magnets. Seebeck 4 
has proved the same property to exist in other substances besides 
those containing nickel. In these experiments the following 
metals exhibited transverse magnetic polarization :— 

(1.) Copper wires from one-half to four lines in thickness. 

(2.) Platinum in the form of rods, foil, and as spongy pla- 
tinum. 

(3.) A cast rod of speiscobalt containing arsenic and nickel. 

(4.) A strip of gold with 1 per cent. silver, copper and iron, 
and one purified with antimony. 

(5.) Regulus of arsenic containing iron. 

(6.) Alloys** consisting of 3 copper and 1 antimony, and of 1 
copper and 1 antimony. 

(7.) Alloys of 5 copper and 1 bismuth, 1 copper and 1 bis- 
muth, and 1 copper and 3 bismuth. 


* Cours de Physique, ii. 149. + Bulletin Universel, viii. p. 87. 
t Jbid. ix. p. 95. § Annales de Chimie et de Physique, xxv. p. 269. 
| Poggendorff’s Annalen, vi. p. 361. 

§] Abhandlungen der Berliner Akademie, 1827, p- 147. 

** These alloys are the same as those mentioned at § 53. 
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On the contrary, the following exhibited no action :— 
Mercury, bismuth, antimony, sulphuret of antimony, lead, 
tin, zinc, cadmium, pure silver, pure regulus of arsenic, 
an alloy of 4 antimony with 1 iron, and an alloy of copper 
and nickel. 

An attraction between copper and the astatic needles has often 
been observed in the constructing of multipliers. Thus several 
years ago Professor Nervander of Helsingfors found during his 
sojourn in Berlin, amongst a great number of kinds of copper 
which he tested, only one rod of Japan copper belonging to me 
which did not attract the delicate needle of his multiplier. 
Again, Faraday* has found that cobalt and chromium, which 
have always been considered magnetic, are not magnetic when 
perfectly free from iron. As a high temperature weakens so 
materially the magnetic intensity of iron and nickel, it is pos- 
sible that at a low temperature metals may be magnetic which 
are not so at common temperatures. But the following metals, 
tested by a very delicate double needle at temperatures of 60° to © 
70° F., were found to be unmagnetic :— § 

Arsenic, antimony, bismuth, cadmium, cobalt, chromium, — 

copper, gold, lead, mercury, palladium, silver, tin and zinc. — 

Nevertheless, Pouillet maintainst+, in the last edition of his — 
work upon physics,— ; 

(1.) That cobalt remains constantly magnetic, even at the — 
most intense red heat; 

(2.) That chromium loses its magnetism somewhat under a 
dark red heat ; 

(3.) That manganese is magnetic at a temperature of 20° to 
95°C. 

Lastly, M. Poggendorfft has recently made use of the phe- 
nomenon of deviation in a twofold direction, first discovered by 
him with Saxton’s machine, for the purpose of showing the mag- 
netizability of the metals, which up to this time have not been 
considered possessed of magnetic properties. But nickel, iro 
and steel are the only ones which gave positive results; even 
German silver was not magnetic. ft 

64. In the fourth section (53) we have seen that the magnetic 
polarity excited in iron by the discharge of an electric battery 


* London and Edinb. Phil. Mag. viii. p. 177. 
+ Elémens de Physique, 3rd edit. i. p. 381. 
+ Poggendorff’s Annalen, xlv. p. 371. 
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on becoming evanescent produces an electric current in a se- 
condary wire, which can always be proved by its magnetizing 
a steel needle. The polarity of this steel needle always remains 
the same when a magnetizable metal is inserted into one of the 
previously compensated spirals of the differential inductor, but 
it is weaker when the magnetizable metal is in the form of a 
solid rod or a pile of discs than when it is a bundle of insu- 
lated wires. The polarity of this needle is on the contrary re- 
versed when the inserted metal is unmagnetic. In this case it 
is in favour of the current produced by the empty spiral. 

In the electroscopic and physiological phenomena of the cur- 
rent induced by electro-magnetized iron and nickel, the remark- 
able fact was established, that the less powerfully magnetic 
nickel has an augmenting action, whilst the more powerfully 
magnetic iron diminishes the effect, because the retarding elec- 
tric currents cannot be so readily formed in the badly con- 
ducting nickel as in the better conducting iron; i. e. in relation 
to the electroscopic and physiological tests, solid iron acts as 
a non-magnetic metal, whilst it acts as a magnetic metal as re- 
gards the magnetization of the steel needle. Now, we may rea- 
dily infer that the so-called non-magnetic metals have the same 
action in relation to that property of the current which magnet- 
izes steel, that iron has in relation to the electroscopic and phy- 
siological properties, i. e. that they appear unmagnetic, because 
the electric currents excited simultaneously with the magnet- 
ism obscure the action of the magnetic polarity, but that they 
really are not unmagnetic. It is therefore only necessary, in 
order that the latter action should predominate, to prevent the 
formation of electric currents, i. e. to break them up also into 
wires, and then test the direction of the induced current by mag- 
netizing a steel needle. If the current proceeds from the spiral 
containing the bundle of wires, the metal is magnetic; if it 
proceeds on the contrary from the empty spiral, it is non-mag- 
netic. 

65. For preliminary experiments brass was chosen. In the 
form of a cylinder it diminished the intensity of the current from 
its spiral, for the resulting current proceeded from the empty 
spiral; when the brass wires which were inserted had a certain 
thickness, the equilibrium of the current was preserved; when 
thin, well-varnished brass wires were used, the current on the 
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contrary proceeded from the filled spiral. In this form there- 
fore the previously non-magnetic brass became magnetic. 

These experiments were now extended to antimony, lead, bis- 
muth, tin, zine and mercury. The insulation of the mercury 
was effected by enclosing it in glass tubes sealed at both ends ; 
the wires of the other metals were covered with shell-lac. The 
copper was free from iron, according to the analysis of M. Henry 
Rose. The lead contained a very slight trace of iron; tin, anti- 
mony and bismuth however more; the zinc, examined by Dr. 
Marchand, was chemically pure. I shall repeat these experi- 
ments with some metals which I have since obtained in a per- 
fectly pure state. 

The thickness of the wires was as follows:—Copper 0""75, 
tin 110, lead 0':80, zinc O60, brass 0!""75, antimony 2""80, 
bismuth 2!""80; the mercury was contained in common ther-. 
mometer tubes. In the experiments the same kind of sew- 
ing-needles (darning-needles) were always employed, and the 
electric battery always received the same charge by means 
of a unit-jar. If the compensation of the empty spirals was 
not complete, it could always be effected by slightly altering 
the position of the interior spiral towards the outer, or it was 
established previously by the insertion of brass wires. The ex- 
periments showed a very appreciable amount of magnetism with 
copper, quite as much with tin, mercury, antimony and bismuth, 
less with zinc, and very little with lead. A tube of brass dimi- 
nishes the action of its spiral,—acts therefore in an unmagnetic 
manner. A tube of German silver, as also drawn tubes of tin 
and of lead, had a powerful magnetic action, even more powerful 
than bundles of tin and lead wires. It is therefore probable 
that in drawing these soft metals into tubes they become covered 
with a thin film of iron. 

The positive result obtained with mercury is for this reason 
of importance, that no possible admixture of iron could result 
from drawing. In a former paragraph (53) alloys of iron have 


been mentioned, which in the form of rods, tested in the same — 


manner, show themselves unmagnetic; the admixture of iron 


cannot therefore, as such, determine the result. The magnetism 


of these metals however compared with that of iron is so very 
weak, that a single iron wire of the same thickness is capable of 
overpowering in its magnetizing action a whole bundle of wires 
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of the other metal. It would however be premature to arrange 
the metals in a series at present. 


VII. Influence of the presence of iron on induced currents 
of higher orders. 


A current induced by the connecting wire of a galvanic or 
an electric battery can, as Henry* has lately shown, be again 
used as a primary current, and thus induce a second current, 
this again a third, and so on. Henry employed for the exa- 
mination of these currents flat spiral coils; all his experiments 
are therefore only electro-dynamical. The question, whether the 
principle of increasing the power by means of bundles of wires 
was applicable to these currents, appeared to me worthy of inves- 
tigation for two reasons ; the one a practical one, because, if it 
should be the case, the experimenter would be enabled to exa- 
mine these currents without such a mass of copper wire and 
copper ribbon as Henry made use of in his experiments; the 
other a theoretical one, it being important to know whether the 
same differences obtain, between the induced currents of higher 
orders, as those which have been observed in induced currents of 
the first order, when the primary current was either that of a 
galvanic or of an electric battery. 


1. Currents of higher orders when the first induced current is 
electro-dynamically induced. 


66. The first induced current, which causes the production of 
currents of higher orders, may either be electro-dynamically in- 
duced, or it may be a magneto-electric current, and both methods 
of excitation admit again of several modifications. It is well 
known that electro-dynamic induction may take place in two 
ways, either by the approach of a closed wire to, or its removal 
from a continuous current (as, for instance, the connecting wire of 
a galvanic or thermo-battery) ; or secondly, when in one of two 
parallel wires which remain equally distant from each other an 
electric current is excited or ceases. For the first mode of in- 
duction the following apparatus may be made use of :—Suppose 
two circular currents intersecting each other in the manner 
that two large circles would intersect a ball, they will then tend 
to cause each other to revolve in one plane, according to the law 


* Transactions of the American Philosophical Society, vol. vi. p. 17. 
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of Ampére, that two currents cutting each other are mutually 
attracted when both flow from the angle formed by their intersec- 
tion or flow towards it, but, on the contrary, they repel each other 
when the one flows towards, the other from that angle. Now, if 
one of these circles is a fixed wire-ring, in the coils of which the 
current of a galvanic battery is circulating, the other a closed 
wire-ring of somewhat larger diameter capable of revolving round 
the first, it will easily be perceived, that for every whole revolution 
of this ring round the first, two alternating currents of equal in- 
tensity will be induced. This ring, placed upon the axis of a 
Saxton’s machine, forms a corresponding apparatus of induction, 
which is however of an entirely electro-dynamic nature*. In the 
absence of such an apparatus, I have employed the second mode 
of electro-dynamic induction only, in which an incipient current, 
or one just on the point of ceasing, acts upon a secondary wire 
at rest. 

One of Grove’s platino-zine elements was closed by a spiral A 
of thick copper wire. A second spiral B of thin copper wire 
400! long surrounded the first spiral, and was itself connected 
with a third spiral C 400! long, and of the same thickness of 
wire. This third spiral C was inserted and insulated in a fourth 
spiral D 400' long, which could be closed by handles, or some 
other method of testing the current. The galvanic current cir- 
culating in the connecting wire A induced in the first instance a 
secondary current in B, which, traversing C, produced a current 
of the third order in D. The changes were now examined which 
took place in the current of the third order, when solid iron 
cylinders, or bundles of iron wires enclosed in entire or cut 
tubes, were inserted into the spiral C. The arrangement was 
made in the same manner when the primary current was that 
produced by the discharge of an electric battery. A flat copper 
spiral A imbedded in resin, 114 inches in diameter, and consist- 
ing of 31 coils of copper wire 53} feet long and 3 line in thick- 
ness, placed upon an insulating glass foot, formed a part of the 
connecting circuit of the battery. Opposite to this, and only 
separated from it by a plate of glass or of mica, was a second 
flat spiral, the coils of which were exactly parallel to those of 


* Instead of the apparatus here described, that proposed by Henry may 
be employed, in which the empty keeper of the Saxton’s machine, instead of 
rotating before a magnet, rotates in front of two equal coils of wire, through 
which a galvanie current is circulating. 
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the first, and which, by means of a sliding board, could be 
brought to any requisite distance from it. This spiral B, was 
connected with the two inner cylindrical spirals a} and ¢ d of 
the differential inductor for frictional electricity (fig. 3), which 
on the discharge of the battery induced in the outer spirals « @ 
and y 6, which were connected in a uniform manner, a current 
of the third order, the physiological action of which could be 
tested when a@ 4 and c d were empty, or when they contained 
iron. Lastly, that case was examined in which the primary cur- 
rent was that of a Saxton’s machine. The wire coils of this in- 
strument (fig. 7) were connected with a spiral A, 400! long, 
which exerted an inducing action upon a coil of wire B,, 400! 
long, into which it was inserted. This first outer spiral B,, was 
connected with an inner one C, 400! long, and corresponding 
completely with A,, which exerted an inducing action upon a 
second outer spiral D,, which entirely corresponded to B,. The 
current of this spiral D, was tested when C,, contained iron, or 
when it was empty. 

The result of these experiments was, that these second in- 
duced currents, or as Henry calls them, the currents of the third 
order, behave as the currents of the second order, which give rise 
to them, i. e. the currents whose primary current was excited by 
machine electricity were weakened by solid iron, and on the 
contrary, their power was increased by bundles of iron wires; 
whilst those induced by galvanic agency were increased in power 
by both, but by bundles of wires more than by iron rods. The 
same applies to the currents of the third order from Saxton’s 
machine. 


2. Currents of higher orders when the first induced current is a 
magneto-electric current. 


67. If iron is already present in the connecting spiral A of 
the galvanic battery or of the Leyden jar, then the first induced 
current is not alone produced by electro-dynamic agency, but is 
chiefly excited by the evanescent magnetism of the electro-mag- 
netized iron. If the magneto-electric portion of the current is 
to be employed alone as the primary current for the currents of 
higher orders, then the galvanic battery or the electric battery 
must be closed by a differential inductor, only one of the spirals 
of which must contain iron. The current then induced by it 
exerts an inducing action upon the adjacent spiral. If the 
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electro-dynamic and magneto-electric induction are combined, 
then currents of higher orders can be examined as if this com- 
bination had not been effected. For machine-electricity the 
following arrangement was made :—The battery was discharged 
by the inner spiral a @ of the differential inductor (fig. 3). 
The spiral enclosing this, « 8, was connected with the second 
inner spiral ¢ d, and the spiral surrounding this, y 5, was connected 
with the flat spiral A,, described before (66), whilst on the spiral 
B,, parallel with this last, the shocks were tested, when solid 
iron rods or bundles of wires were inserted in a 6 ande d. We 
thus obtain— 

in a 6 the primary current, 

in «8 and ¢ d the current of the second order, 

in y 6 and A, the current of the third order, 

in B, the current of the fourth order. 
The currents of the fifth order, produced by smaller flat spirals 
C, D,, could not be proved to exist physiologically. This how- 
ever succeeded easily with Saxton’s machine, or when the primary 
current was that of a galvanic battery; for although the inner 
spirals for higher orders had often only two lengths of wire, one 
over the other, yet they nevertheless acted powerfully upon fresh 
preparations of the frog, and were distinctly perceptible with the 
moistened hands. As each higher order requires two new spirals, 
it was often necessary in these experiments to employ spirals which 
had originally been intended for other purposes, and were often 
coiled in an unfavourable manner for the object here in view, the 
distance between the inner and outer spiral being often very con- 
siderable. The augmenting action of inserted bundles of iron wires 
was here exerted with the greatest energy, for by their means cur- 
rents became very perceptible, when in the case of electro-dyna- 
mic induction no trace of any action was discernible. The weak- 
ening influence of enclosing tubes or closed surrounding spirals 
is therefore here exceedingly prominent. The needle of the gal- 
vanometer oscillated at last with the higher orders of galvanic 
induction and with the Saxton’s machine, as if driven by the 
shortest possible impulse, and was not affected at all by the cur- 
rents of the fifth order, which exerted distinct physiological ac- 
tion. Probably these induced currents of the higher orders 
approach more and more to the momentary discharges of fric- — 
tional electricity. Success however did not attend the endea- 
vours to prove this empirically, 7. e. to obtain a decrease of the 
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physiological action of a spiral by the insertion of solid iron; 
although in cases where higher orders can be examined, it might 
perhaps be attained with a greater number of spirals coiled for 
this particular purpose, As it is certain that the currents in- 
duced by electro-magnetized bundles of wires, from the proper- 
ties which they have been shown to possess generally, fill up by 
a number of intermediate grades the wide gap between conti- 
nuous galvanic currents and the momentary currents of frictional 
electricity, so in all probability the secondary currents of higher 
orders will be the means of supplying the remaining omissions 
between those two extreme members of the series. 

The researches which have been detailed in this memoir have 
tended to point out the influence which is exerted by the pre- 
sence of solid iron and insulated bundles of iron wires upon 
induced currents excited by primary currents from different 
sources, both when they were developed as adjacent currents 
in separate wires, or existed in the form of the so-called extra 
currents in the coils themselves of the connecting wire, on 
disconnecting it with the source of electricity. It now remains 
to be examined what influence this iron exerts on the initial 
counter current which a commencing primary current produces 
in its own coils. As however nothing whatever is known of 
the physiological action of this current, the first requisite was 
to invent means to produce it in such a manner as would admit 
of rheometric measurements being applied to it. The follow- 
ing sections contain the account of the researches undertaken for 
this purpose. 


VIL. Extra current at the commencement and close of a primary 
current, and its modifications by the presence of iron. 


As an electric current, the intensity of which is increasing, 
may be considered at any moment as consisting of two portions, 
the one of which the constant part remains unchanged, the 
other is that which is constantly being added; and again in a 
current the intensity of which is decreasing, the portion which is 
leaving it may be distinguished from the constant portion, then 
the law of induction, that a primary current induces at its com- 
mencement a current flowing in an opposite direction, and at its 
cessation, one in a like direction, that it induces no current at 
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all however during its continuance, may be expressed more 
generally in the following terms: a primary current induces, 
as long as its intensity is on the increase, a secondary current 
in an opposite direction; as long as it is decreasing, it induces 
one in a like direction. If the term secondary current be ap- 
plied to the current induced by a primary current in a wire 
parallel to, but not connected with it, and extra current to the 
secondary current produced in a spiral connecting wire with 
or without an iron core, by the action of each separate coil 
upon that which lies next to it, if therefore this extra current 
is considered as a particular kind of secondary current, in which 
the same wire is the medium for the passage of the primary 
and the induced current, then the phenomena which have 
been discovered in the secondary current may with great pro- 
bability be supposed to exist in relation to the extra current. 
But the spark produced on breaking the circuit of a galvanic 
battery is more intense when the circuit has been closed by a 
long spirally coiled wire, than when the same has been effected 
by a short straight wire, and powerful physiological effects 
appear, particularly when this spiral wire surrounds a piece 
of iron, which are not perceptible with short, straight connect- 
ing wires. Faraday, who bases upon these phenomena the 
existence of the extra current, conceives therefore (§ 1104) 
that corresponding effects will always ensue by means of a 
spiral and an electro-magnet when the electromotor is closed. 
These effects must cause in the first moment a resistance, there- 
fore something that is opposed to the shocks and sparks. It is 
difficult to invent means for proving the existence of such nega- 
tive effects. Faraday therefore endeavours to prove them by 
positive effects which are simultaneously produced in a secon- 
dary connexion. Now, as in more recent experiments in this 
department the real experimental difficulty is not done away 
with, namely, the prevention of the extra current being excited 
on breaking connexion, and as moreover no diminution of power 
at the end of the extra current corresponding to the increased 
intensity of the sparks and of the physiological action has been 
proved for the extra current supposed at the commencement, 
the following researches may be viewed as a filling-up of this 
gap, inasmuch as, by their aid, that which was required has been 
effected in so perspicuous a manner, that these experiments may 
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be directly admitted into the domain of common experimental 
demonstrations. 

68. The primary current was produced by a Saxton’s ma- 
chine, represented at fig. 7, and constructed by M. Oertling, in 
which the interruption is effected by means of brass springs, 
which slide upon two iron cylinders inlaid with pieces of wood. 
The first of these cylinders, w,, is fixed in an insulated manner 
upon the axis A B of the keeper, and holds the end of the wire 
composing the coil of the keeper; the second, w,, is directly con- 
nected with this axis, and hence in conducting connexion with 
the other end of the coil py. The inlaid portions, composed of 
wood, of the cylinder w,, w, and w,, occupy half the circumference 
of this cylinder; that which is seen at a in the middle of the 
cylinder w, however occupies only one-sixth of its circumference, 
and diametrically opposite it, is another corresponding to it, for 
the production of alternating currents of equal intensity. One 
of the springs 1) or 5) slides continuously upon the first cylin- 
der, as does 9) upon the second, the third 3) either in the same 
manner uninterruptedly, or it passes once* at an azimuth of 
90° (é. e. in a rectangular position of the keeper, perpendicular 
to the line connecting the poles of the magnet), or twice at an 
azimuth of 90° and 270° over the insulating surface of inlaid 
wood. In the first case (which only occurs with galvanometric 
tests and chemical decompositions), the wire of the coil of the 
keeper which is constantly in metallic connexion is traversed 
by alternating currents, which pass into each other at the azi- 
muth 0° and 180°, and on account of the symmetrical distri- 
bution of the whole, reach their maximum about the azimuth 
90° and 270°+. 

If the intermittent spring is interrupted once at 90°, then the 
secondary connexion which alone establishes the continuity in 
the handles I and II, either by means of the body or some other 
means of testing the current, receives the full intensity of the 
positive current ; if it takes place twice during one whole revolu- 
tion of the keeper, it receives two opposed currents in alternating 
succession ; and if a voltameter be interposed, a mixture of oxy- 
gen and hydrogen at both electrodes. ‘This alternation can be 


* It is then fixed in a somewhat slanting position, so that it touches the edge 
of the inlaid wood nearest to the keeper. 

+ On rapid revolution somewhat beyond that, when the sparks as well as the 
shocks are most intense. 
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suspended by the use of two springs y y in the shape of a Y, 
which with their two arms compass both cylinders at the same 
time, the one touching wood whilst the other touches metal, and 
thus upon the principle of the commutator transform alternating 
currents into currents of a like direction. The points of contact 
of the one spring are situated diametrically opposite to those of 
the other, the one y passing from the higher support 10), slides 
upon the lower surface of both cylinders, the other y passing from 
2) slides upon the upper surface. This arrangement, applied 
for the purposes of chemical decomposition, eliminates the gases 
separately, and moreover in double the quantity they are pro- 
duced by the usual arrangement, in which the opposing cur- 
rent is not reversed, but is suspended by interrupting the con- 
nexion. 

The different combinations of the springs are accordingly the 
following :—In common experiments without the insertion of a 
spiral for the production of the extra current, 9) and 3) slide 
upon the cylinder w,, as is depicted in fig. 7; upon the cylinder 
w,, however, instead of the spring proceeding from 5), one that 
proceeds from the clamp 1), and moreover 1) and 9) conti- 
nuously, 3) on the contrary intermittently. Alternating cur- 
rents are however obtained when that which has hitherto been a 
secondary connexion becomes a chief connexion; currents in a 
like direction, when it is inclined obliquely, and slides on the 
once interrupted edge. The galvanometer, the apparatus for 
producing incandescence in platinum and charcoal, as also the 
human body, are inserted between 4) and 8). For uninter- 
rupted currents in the same direction, y y alone are used. The 
arrangement with an inserted spiral for alternating currents 
is represented at fig. 7. When the sparks of the secondary 
current are not to be examined, the springs 13) and 14) are left 
out. With currents of a like direction, the springs y y are in- 
serted alone in the clamps, whilst the apparatus for measuring 
the currents is inserted between I and III instead of between I 
and II. If the current is to be interrupted often during one re- 
volution of. the keeper, the spring 3) is made to slide upon the 
cylinder 3. 

The weight of the covered wire is 1220 grammes, the thick- 
ness of the uncovered wire is about 4", its length 880’. The 
height of the cylindrical rolls of wire is 14 inch, their diameter 
14", that of the outer coil 21”, The front iron plate of the 
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keeper is 5" long, 2" broad, and }" in thickness. Each of the 
four cylinders w has a diameter of 16"; the magnet, consist- 
ing of four lamellz, is 10"long; the height of the four pieces 
together is 22". The internal distance between the poles is 1", 
the external 43". The rotating wheel is at the side, and revolves 
obliquely to prevent the abrasion of the crossed cord; it can be 
drawn out from the base of the machine, by which means the 
requisite amount of tension can be given to the cord. At each 
turn of the wheel the keeper revolves 8} times. The support 
extending from 8 to 11 on the left side is 5" high; the supports 
on the right-hand are only 2" high, by which means the side 
view of the apparatus is better seen. The distance of the rota- 
ting keeper from the magnet is regulated by the screws between 
which the axis turns. The two wire coils surrounding the limbs 
of the keeper can be connected in a twofold manner, either so 
that the one forms a continuation of the other, or that both 
are connected at their two extremities, so as to form a so-called 
parallel connexion 440! in length. The changes in the intensity 
of the resulting current which are produced when the wire is 
coiled in a particular manner, have lately been shown by M. 
Lenz*. For if Lrepresents the resistance to conduction of one of 
the coils, A the resistance to conduction of the apparatus inserted 
for measuring the current, then with a parallel connexion there 
are two ways presented to the current induced in the wire coil 
at its exit, namely, the apparatus for measuring the current and 
the other wire coil, between which it divides itself in an inverse 
ratio to their resistance to conduction. If A therefore repre- 
sent the electromotive force of a coil of wire, then with a paral- 
2A 
2A+L 
through the measuring apparatus; if, on the contrary, the con- 


lel connexion a current of the intensity will circulate 


oO 
nexion is continuous, a current will pass of the intensity — 
If therefore the apparatus for measuring the current offers as 


great a resistance to conduction as one of the electromotive coils 

of wire, i.e. if A = L, then the parallel connexion is quite as ad- 

vantageous as the continuous, and there is no occasion in this 

case for any arrangement to effect both connexions. As how- 

ever the same machine has to be used with different kinds of 

apparatus for measuring the current, and it is not convenient to 
* Bulletin Scientifique de V Académie de St. Pétersbourg, ix. p. 78. 
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have a keeper specially coiled for each, it will be found adyanta- 
geous to use the second combination for such modes of measure- 
ment as offer great resistance to conduction, and the first for 
such as offer but little resistance. Now, as the human body 
offers the greatest resistance of all the modes of measuring the 
current that have been applied for the purposes of physiological 
experiment, the successive connexion is to be preferred to the 
parallel; on the contrary, the parallel connexion will be found 
more applicable for producing incandescence in platina wires and 
charcoal points, for the sparks which accompany the interrup- 
tion of a short connexion, and for the magnetization of soft iron 
which is enclosed in a connecting spiral. Which of the two com- 
binations is preferable for chemical decomposition will depend, 
for a given thickness of wire, upon the distance between the 
electrodes of the voltameter, and upon the resistance to conduc- 
tion offered by the electrolyte. The parallel combination of the 
wire coils may therefore be called with as much right the physi- 
cal, as the successive connexion is called the physiological. The 
apparatus which effects both kinds of connexion by turning a 
hand, and which may be called a pachytrope, is not represented 
on the square piece of wood attached to the keeper in fig. 7, in 
order not to complicate the drawing, but it is depicted by itself 
in the following woodcut, and in the first position of the move- 
able hand on the right side for continuous connexion, i. e. for 
physiological action, in the second, for parallel connexion, 7. e. for 
physical action. 


The disc of copper, which is exactly divided into two halves, 
is fixed upon a wooden support, and can be turned by means 
of the handle under the four plates of copper, so that the 
handle is alternately in contact with the left or the right upper 
plate. a 6 are the ends of the one wire coil, «8 those of the 
other, p is a connecting wire on the plate, under which 3 is 
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clamped, to the axis of the keeper, and by means of that to 
the cylinder w, (fig. 7), 2 is a connecting wire from the left-hand 
plate passing underneath to the cylinder w,, with which the end a 
is directly connected. The portion cut out of the copper disc 
is supplied by ivory. In the position of the handle to the right 
in the first figure, this plate of ivory is exactly below the copper 
plate under which is clamped, consequently the commence- 
ment only of the right-hand wire coil « is in connexion with the 
cylinder w,; the end 6 by means of the right half of the copper 
disc is connected with the commencement of the second spiral a, 
whose end 0 is brought into conducting connexion with the cy- 
linder w, by means of p. This connexion is therefore n « 6 a bp, 
i. e. both coils are connected one behind the other. In the 
second figure, on the contrary, « is connected with a by means 
of the left half of the copper disc through the wires, which cross 
each other without touching, 6 by means of the right half is con- 


nected with 4; the connexion is therefore n J Be p; the cur- 


rents of both coils are therefore united with each other as well 
on entering as on leaving them. 

69. Supposein fig. 7 the pachytrope fixed to the base of the keeper, 
the cylinders w, and w, removed, as also the supports EK, F,G,and 
likewise the springs proceeding from them and the extra spiral, we 
have then Saxton’s machine with the improvements of M. Oert- 
ling. For the purpose of making the following experiments I have 
added the parts just mentioned. In this form the apparatus can 
be recommended as a very convenient instrument for demonstra- 
ting the action of the extra current at the commencement and end 
of aprimary current. The support E is intended to effect the in- 
sertion of the spiral for producing the extra current. The cylinder 
w, is connected with the spiral through the spring proceeding to 5) 
by means of the wire S clamped at 6). The connexion then pro- 
ceeds furtherthrough 1) and 3) bymeans of the intermittent spring 
tothe cylinder w,. The two other supports Fand G, as well as the 
cylinder w,, are only used for the purpose of showing the sparks 
of the secondary current, and will be noticed hereafter, § 83. The 
cylinder w;, constructed upon the principle of a Jightning-wheel 
or mutator, presents eighteen interruptions to the intermittent 
spring 3). It is used for the purpose of rendering perceptible 
the increase and decrease of the physiological action during one 
whole revolution of the keeper. The cylinders w, and w, are fixed 
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in an insulated manner upon the common axis of rotation; the 
cylinders w, and ws, on the contrary, are directly fixed upon it, and 
are therefore in conducting connexion with it. The spiral S S, 
which may be called the extra spiral, was composed, when it is not 
otherwise expressly noticed, of two coils of well-varnished insu- 
lated copper wire, each 400! in length, of which only one is re- 
presented in fig. 7. The thickness of the wire is half a line, the 
internal diameter of the coil from 23” to 43". These two spirals 
can be connected in a uniform manner or crossways. As it is well 
known that this has no influence upon the extra current, this 
arrangement affords us a simple mode of ascertaining whether — 
we have really to do with this current or not. Into the three sup- 
ports I, II, I11, wires are screwed, either two of which may be 
connected by means of handles* through the body, or by the 
voltameter or galvanometer, as has already been mentioned. 
The apparatus is therefore arranged in the manner represented 
below, where a represents the rotating keeper 
with its coils, s the extra spiral, w the inter- 
ruption by means of the intermittent spring 
3) upon the cylinder w,, and lastly, I, I, III 
the wires leading to the apparatus for mea- 
suring the current. These last admit of three 
different modes of connexion, namely, I with 
II, I with III, and II with III. In the first mode the keeper 
and the extra spiral are in the circuit, in the second the keeper — 
only, and in the Jast only the spiral. j 
; 
; 


70. After this detailed description of the apparatus, it will be 
easy to account for that which occurs when the keeper revolves. 
During the rotation of the keeper from 0° to 90°, i. e. from its 
horizontal position before the poles of the magnet to the vertical 
position at right angles to the line connecting the poles, the sur- 
rounding wire of the keeper is throughout in metallic connexion, 
for the spring 3) is always in contact with metal upon the cylinder 
w>, The increasing intensity of the primary current in the wire 
p excites in the spiral S an extra current A circulating in an op- — 


” aptE AS 


— 


rams 


* The so-called gold strings intertwined with metal, which are used to fasten 
the handles in the common Saxton’s machine, must never be used when the in- 
tensity of the physiological action is to be determined ; for the intensity of the ¥ 
shock depends essentially with these upon the amount of force with which the : 
strings are stretched. Spirally coiled copper wires firmly clamped with screws — 
which are sufficiently elastic and always effect a uniform contact, are to be pre- : 


ferred. , 
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posite direction, which consequently weakens the action of the 
primary current. At this moment the position becomes vertical, 
the spring 3) comes in contact with the inserted piece of wood w 
upon the cylinder w,, the primary current of the keeper @ ceases, 
and there is then excited an extra current E in the spiral 8S, 
when the latter forms one continuous connected whole, which 
is in the same direction with, and increases the action of the pri- 
mary current. If the formation of this second extra current in 
the same direction with the primary current is to be prevented, 
then, the instant connexion is broken at u, the extra spiral § 
must be removed from the closing connexion. ‘This is effected 
when I and III are united. If, on the contrary, I and II are 
connected, we then obtain the primary current p weakened by 
the influence of the incipient extra current A, which, circulating 
in an opposite direction, is produced during the rotation of the 
keeper from 0° to 90°, and augmented by the action of the final 
eurrent EK, which, circulating in the same direction with the pri- 
mary current, is excited when connexion is broken at uv. In which 
direction the final action is exerted, i. e. whether p — A+E is 
greater or less than p, can be ascertained by inserting in place of 
the spiral S a length of wire not forming a spiral, but offering 
an equal amount of resistance to conduction*. The connexion of 
I with II gives therefore the action of the primary current alone. 
If, lastly, I1 and III are connected, we obtain, when S is an un- 
coiled wire, no physiological action; when § is a spiral, on the 
contrary, a current in the same direction with the primary cur- 
rent, 7. e. the action of the final extra current by itself. 

71. With a straight wire inserted we obtain therefore for phy- 
siological tests— 


With the connexion I and II the current p. 
I and III the current p. 
II and III no current. 


With an inserted extra spiral, on the contrary,— 


For the connexion I with II the current p—A+E. 


ais . I with IIT the current p — A. 
a ae II with III the current E. 


That no physiological action is obtained with the connexion II 


* The most convenient for this purpose is a thin German-silver wire, bent 
up and down as the lines in the letter N, or the resistance-measurer recom- 
mended by Wheatstone, consisting of a wooden and a metallic screw, upon 
which the wire coils and uncoils. 


N 2 


170 DOVE ON THE ELECTRICITY OF INDUCTION. 


and III, when the inserted wire is straight, is naturally only 
then the case, when the intensity of the magnet is not very 
great. If however the magnet used in the machine is a very 
powerful one, then the influence of the human body as a se- 
condary connexion upon the principal current is no longer un- 
important. Very sensible shocks are perceived when a power- 
ful magnet is used even with continuous sliding springs without 
an inserted spiral. This however was not the case with the ma- 
chine here described, for however powerful the shocks were with 
an intermittent spring (quite unbearable when the rotation was 
rapid), yet none were perceptible with one that slid uninterrupt- 
edly. The influence of the body as long as it forms a secondary 
connexion (0° to 90° and 180° to 270°) may therefore be here 
disregarded. This facilitates very much the examination of the 
complicated phenomena in this department, for it follows di- 
rectly from the absence of physiological action, when a straight 
wire is inserted and connexion made between II and III, that 
the powerful action obtained with the spirally coiled wire is solely 
to be ascribed to the final extra current EK. For other rheosco- 
pical tests however, when connexion is made between II and 
III, the current p takes a greater or lesser part in the results 
which are obtained. 


1. Physiological action. 

72. Without insertion of the spiral more powerful shocks are 
obtained, as well with one and twofold interruption (90° or 90° 
and 270°), when the hand of the pachytrope is arranged for phy- 
siological than when it is arranged for physical effects. The 
whole of the following phznomena, on the contrary, are much 
more clearly perceived when the hand is arranged for physical 
effects, in which case the primary current possesses the property 
of magnetizing soft iron more powerfully*. If Iand III (p—A) 


* If the magnet of the Saxton’s machine is removed, and instead of the 
extra spiral between S and S a galvanic battery is inserted, we obtain from the 
handles I and II and I and III, when the keeper is rotated, the incipient cur- 
rent of the galvanic battery, for the keeper is by this arrangement converted 
into a connecting electro-magnet to the galvanic battery, the magnetism of 
which becomes evanescent as soon as the intermittent spring comes into contact 
with the inserted piece of wood, and thus induces the extra current in the coils 
wf wire. This induced current passes through the battery and the body when 
connexion is made between I and [J, and only through the body when I and 
II1 are connected. The connexion II and III produces no shock, for the — 
electro-magnet is then excluded, and the battery alone remains in the circuit. — 
This shock was more powerful with a keeper used in the machine when the — 
hand is arranged for physical than when it is arranged for physiological effects. — 


arise ar 
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are connected by means of handles through the human body, 
the shocks are weaker with inserted spirals than without them, 
the reason of which is obvious. But this physiological action 
is weakened still more by the insertion of unenclosed bundles of 
iron wire and tubes of sheet iron into the spirals; it is not so 
much weakened by the insertion of iron bundles of wire in entire 
tubes, solid rods of soft iron, of soft and hard steel, of cast 
iron and nickel; the action remains nearly the same as with in- 
serted empty spirals, when the inserted rods are composed of 
copper, zinc, tin, brass, bismuth, antimony, or of the so-called 
unmagnetic metals in general. All these phenomena remain 
unaltered when the spirals are connected in a like or in an alter- 
nating manner. The facts here adduced therefore, indicate the 
existence of an extra current in an opposite direction to the 
primary current; and moreover, no difference is perceptible in 
this action whether the primary current is continuous in the same 
direction, or whether it is alternating. 

73. If the weakening of the physiological action here observed 
is to be attributed to an extra current circulating in an opposite 
direction, then this weakening influence must be very much di- 
minished when the extra spiral is allowed to exert an inducing 
action upon a secondary wire placed parallel to it. To test this, 
a narrower extra spiral having 400! of wire was inserted between 
the clamps 1) and 6), and this spiral itself was inserted into a 
spiral which may be called the secondary spiral, likewise consist- 
ing of 400! of wire. When a bundle of iron wires or a solid 
iron rod was now placed into the extra spiral, the shocks from 
the handles I and III were very inconsiderable as long as the 
outer secondary spiral was not closed, that is, as long as no se- 
condary current could be produced in it. As soon however as 
this secondary spiral was closed, and as soon as the secondary 
current could be made manifest in it by any of the modes of 
testing, then the shocks from the handles I and III again be- 
came powerful. ‘Two extra spirals each 400! in length were now 
inserted between the clamps 1) and 6), and upon each of these 
again a secondary spiral, likewise 400! in length. By a trans- 
verse connexiun of these secondary spirals, the induced se- 
condary currents neutralized each other, not however when the 
connexion was in a like direction. The shocks in the handles I 
and III were in the first case much more powerful than in the 
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last, because the transversely connected secondary spirals per- 
formed the part of an unconnected spiral. 

74. The weakening effect produced by the insertion of the 
extra spiral filled with iron has a threefold cause. The current 
circulating in the wire coils of the surrounded keeper before 
connexion is broken by the spring, traverses also the coils of the 
extra spiral, by which means it experiences a greater resistance 
to conduction. If the inserted spiral has the same length of 
wire as the coil of the keeper, which is here the case, then the 
resistance is five times as great when the hand is arranged for 
physical effects. The shock which is produced on breaking 
the closed circuit is therefore perceptibly diminished even when 
the wire of the spiral is stretched out straight. But the coils 
of this spiral now exert an inducing action upon each other, 
as does also the incipient magnetism in the inserted iron. The 
incipient extra current thus produced in the wire of the extra 
spiral increases therefore the action of the augmented resist- 
ance to conduction, and it is evident that, as these causes act in 
the same direction, an addition to the number of the extra spirals 
must constantly increase this action. This occurs indeed in so 
palpable a manner, that, when five spirals having 2000 feet 
length of wire were inserted together, and iron was placed with- 
in them, the shocks at last almost entirely disappeared. 

75. If connexion is made by II and III (E), in which case 
the empty extra spiral alone remains in the circuit, then more 
powerful shocks are obtained when the hand of the pachytrope 
is arranged for physical, than when it is arranged for physiologi- 
cal effects. The insertion of unenclosed bundles of wire and 
tubes of sheet iron very much increases the shock. This increase 
is less with iron bundles of wire in entire tubes, with solid 
iron, steel, cast iron and nickel. With the unmagnetic metals 
the change was too slight to enable us to say in which direction 
it occurred. If the extra spiral, enclosing a bundle of iron wire; 
is surrounded with the secondary spiral mentioned at 73), then 


the very powerful shocks obtained from the handles II and III © 
with an unconnected secondary spiral are very much weakened ~ 
as soon as this secondary spiral is closed by means of metal. — 
When two extra spirals were inserted into two secondary spirals, — 
with a transverse connexion of the former, the shocks from the — 
handles II and III were powerful, but they were weakened by a_ 
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like connexion in which the secondary current does not compen- 
sate itself. It follows, from the united results detailed at 72) and 
75), that the incipient extra current is increased by the same 
means in its negative action, as is the final extra current in its 
positive action, and that in both cases bundles of wire exert a 
more powerful physiological action than solid iron. 

76. In the fourth section the remarkable phenomenon has 
been discussed, that the physiological action of the secondary 
current of the Leyden jar is weakened by the insertion of 
solid iron into the connecting spiral, and increased on the con- 
trary by the insertion of bundles of iron wire. This was ex- 
plained in the following manner:—The phenomena produced 
simultaneously in iron by the action of the connecting wire, 
namely, magnetic polarity and electric currents, act here in 
such a manner that the retarding influence of the electric cur- 
rents overpowers the increasing action of the magnetic pola- 
rity, and hence the final result with solid iron has a weakening 
tendency, whilst with more lasting currents, e. g. the galvanic 
current, in which the magnetism has time to develope itself, its 
action overpowers that of the electric currents, and hence an 
augmenting action also results from solid iron. This view, 
that the secondary current of the Leyden jar is only different 
from other induced currents in consequence of the shortness of 
the primary current producing it, which want of duration is 
without effect upon the electric currents induced in iron, but 
prevents the complete development of its magnetism, gains in 
probability, if it can be shown that the same phenomenon may 
be produced by other means than frictional electricity ; now this 
can be done in the following manner : 

77. If the extra spiral is surrounded with a secondary spiral, 
its physiological action will be diminished, as we have seen at 73). 
The surface of a solid iron cylinder exerts the same influence 
as asecondary spiral. An increase in the length of wire of the 
extra spiral weakens the primary current. If the number of 
inserted extra spirals is augmented, and a solid iron cylinder 
placed within each, then the primary current weakened by the 
lengthening of the wire will only be capable of exciting a slight 
degree of magnetism in these iron cylinders. If the intensity of 
the electric currents excited by the coils of the extra spiral on 
the surface of the iron cylinder does not diminish in the same but 
in a less degree than the magnetism simultaneously excited in the 
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mass of iron by these currents, then with a certain number of 
spirals we must obtain by means of solid iron a decrease instead 
of an increase of power. This was directly observed to be 
the case when five spirals each 400! in length were added to the 
keeper of the machine; whilst bundles of iron wire as decidedly 
increased the action. This phenomenon is therefore quite iden- 
tical with that observed for induction by machine electricity *. 
78. When I and II (p—A-+E) are connected, in which case 
the keeper and the extra spiral are included in the circuit, we 
obtain phenomena which are a combination of those observed 
with the connexion I and III (p—A), and of those with the con- 
nexion II and III (E). When only one or two empty spirals 
are inserted, the shocks are very powerful even with a slow re- 
volution. This great intensity of the shocks renders it difficult 
to exumine the action of inserted iron. Now we have seen at 
74), that, with the connexion I and III (y—A), when the length 
of the inserted wire was increased, and particularly when this 
was in the form of successive spirals, the resulting current was 
always weaker, and that at last with five spirals it was almost 
imperceptible. When therefore p—A is nearly equal to zero, then 
p—A-+Ewillassume more and more the form of E. But it has 
been again shown at 77), that, with the connexion II and III (KE) 
on the insertion of one spiral, solid iron increases the action ; 
on the contrary, when five spirals were employed, and each con- 
tained a rod of iron, the action was weakened, whilst bundles of 
iron wires even in the last case decidedly render the action more 
powerful. If therefore with the connexion I and II (p—A+FE), 
and the insertion of one spiral, the increased action of the cur- 
rent p through E by means of iron is greater than the decreased 
action of this current p through A by means of the same iron, 
we shall obtain eventually an increased action. By the use of | 
many spirals the action of the negative A is more and more in- 
creased, but then E also comports itself as a negative quantity, 
as the electrical currents induced in soft iron weaken the physi- 
ological action of the extra spiral more than the magnetism ex- — 
cited in the iron augments it. The resulting current must there- 


* It appears to me not improbable, although I have made no direct experi- — 
ments upon the subject, that similar experiments might be instituted with the — 
extra current of the galvanic battery. With a sufficient number of spirals we — 
ought to obtain, when solid iron is inserted, a weakening action upon the shock — 
on breaking contact; when bundles of iron wires are inserted, an increasing 
action. 
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fore also be weakened by the addition of solid iron, and the 
increased action with one spiral must pass through a stadium of 
inactivity into a diminishing action when the number of spirals 
is gradually increased. 

By a remarkable coincidence the conditions for inactivity were 
exactly supplied by the two spirals, which, when it is not other- 
wise particularly noticed, always constituted the extra spiral in 
the experiments with Saxton’s machine. I obtained namely a 
weakening action with certainty only, when solid iron was in- 
serted; with other kinds of iron the intensity of the shock re- 
mained unaltered. I concluded from this therefore, that bothextra 
currents A and E almost completely compensated each other, 
and that the insertion of iron increases to a nearly equal degree 
two magnitudes forming a difference. When instead of the 
two wide spirals I chose one that closely fitted the iron cylin- 
der, and covered it throughout its whole length, the physio- 
logical action was then decidedly increased by soft iron, and still 
more by bundles of iron wires. When this extra spiral was in- 
serted into a secondary spiral, the shocks from the handles I and 
If on closing the secondary spiral were perceptibly diminished. 
This increase of power by means of iron even took place when 
two narrow extra spirals were used. For when these were in- 
serted into two secondary spirals connected in a like or in an 
alternating direction, in the first case the shocks were weaker 
than in the last, which all tends to confirm the view, that the 
positive action of E overpowers the negative action of A. If 
five spirals were inserted an increase in the power of the shock 
was obtained, as with the connexion IJ and III, when solid 
iron was contained in the spirals; a diminution however was 
observed when the spirals contained bundles of wires. 

79. Corresponding results to those which have here been ad- 
duced were obtained when the break was effected by means of 
the intermittent spring 3), not at an azimuth of 90° but of 45°, or 
with alternating currents at an azimuth of 45° and 215°*. But 

* The cylinder w,, upon which the intermittent spring 3) slides, can be 
turned, as can also w, and w,, so that this spring can break the connexion at any 
azimuth that is required. ‘I'his turning is easily effected by filling up the spaces 
between the cylinders w,, w,, ws, wy With wooden rings round the axis, and 
pressing them altogether against the first cylinder, which is fixed, by means of a 
sbring at B. This spring is not represented at fig. 7, nor are the wooden rings, 
ip order that it might be more distinctly seen which cylinders are insulated, and 


which immediately attached to the axis. If the cylinders cannot be turned, 
then a spring of a determinate length becomes necessary for every azimuth. 
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the remarkable phenomenon was observed with the connexions 
I and II and II and III, in both of which cases the final extra 
current was active, that the shocks, which were perceptible on 
the insertion of iron into the extra spiral consisting of the two 
commonly used spirals, disappeared when the keeper was rapidly 
rotated, and with a still more rapid rotation a physiological ac- 
tion again appeared. This may possibly be explained upon the 
supposition, that when the rotation is slow the current excited 
in the extra spiral by the action of the coils of wire upon each 
other is formed simultaneously with the current induced in these 
wire coils by the evanescent magnetism of the inserted iron, so 
that then the maxima of intensity of both currents coincide. 
With a more rapid revolution, on the contrary, this latter cur- 
rent remains behind the former, so that with a certain velocity 
of rotation its maxima coincided with the minima of the former. 
In this case a current of unchanged intensity would traverse the 
body, which giving rise to a perfectly uniform sensation would 
not be perceived ; similar phenomena have been observed in re- 
lation to this with preparations of the frog. With a yet more 
rapid rotation the maxima again coincide, and produce inequali- 
ties of intensity which make themselves perceptible. Thus it 
would also be explained why these physiological phenomena of 
interference can only occur to the full extent, namely, to the 
point of complete evanescence, with a determinate mass of iron, 
and why we are able to obtain them with the greatest ease by 
using iron wires, the number of which can be regulated accord- 
ingly*. 


2. Sparks. 


80. As the extra spiral and the keeper are included in the cir- 
cuit of the current when complete metallic connexion is made, we 
obtain immediately at the cylinder w, the same case as was de- 
termined in the physiological experiments by the connexion of I 
and II, namely, y—A+E. But as, during the rotation of the 


keeper from 0° to 90°, the iron enclosed in the extra spiral be- — 
comes magnetized, which magnetism cannot become quite evanes-— 


* In all determinations of the increase or decrease of a physiological action 
mentioned in this memoir, I have never trusted to my own judgement alone, 
but have always called in the assistance of others. In the course of the experi- 
mental series, which were often very extensive, and required generally two ob- 
servers, I have had to thank for their assistance the Messrs. Von Wys, Képp, 
Du Bois and Karsten. 


————— a 
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cent at the moment connexion is broken, the presence of the iron 
A will augment the action more than E, and the sparks will con- 
sequently be diminished*, Now this occurs in so remarkable 
a manner, that on the insertion of iron cylinders into the spiral 
the brilliant spark which was previously observed at the point of 
interruption uw on the cylinder w, almost completely vanishes. 
That this diminution of the spark is caused by an extra current 
produced by the spiral is evident ; for if II and III are connected 
by metal, the spark on breaking connexion at uw reassumes its 
full splendour, whilst with the connexions I and II and I and 
III every spark at u is naturally prevented. If, lastly, the extra 
spiral is inserted into a secondary spiral, the spark at w is very 
much increased by its connexion. 

81. Asit has been shown at (78) that an obvious diminution of 
the shocks was only perceived with solid iron rods where bun- 
dles of wires exhibited an indisputable augmentation, so is the 
diminution of the spark much more considerable when solid 
iron rods are inserted than when the same mass of iron in the 
form of insulated bundles of wires is used, and still more marked 
when the bundle of wires is enclosed in a conducting case (a brass 
tube) than when unenclosed. Everything that favours an aug- 
mentation of the extra currents tends to postpone, as regards 
time, the maxima of their intensity. By the same means also 
the action of the incipient extra current is increased, that of the 
final extra current on the contrary diminished. The insertion 


* Many observations render it exceedingly probable that a galvanic cur- 
rent, by means of which iron is magnetized, attains the maximum of its intensity 
earlier than the iron attains the maximum of its magnetic polarity. It is there- 
fore not impossible that, if the electric current is interrupted during the time 
that the magnetism is on the increase in the iron, the magnetic intensity should 
continue to increase for a short time after the interruption of the electric cur- 
rent. If we regard magnetization, in conformity with the theory of Ampére, 
as an influence directing the electric currents already existing and surrounding 
the individual molecules, then it would amount to this, that the elementary cur- 
rents which are actually circulating in a rotatory manner do not immediately 
resume their original state the moment the motive power ceases, but continue to 
move in the direction which has been given to them for a short space of time. 
According to the view of Coulomb, elementary magnets would have to be sub- 
stituted for elementary currents. Now as long as the magnetism increases, A 
is induced in the connecting wire and not E, ‘The occurrence of E is therefore 
still further postponed by the presence of the iron, and consequently the dura- 
tion of the discharge altogether increased. All these phenomena however will 
not occur when the primary current has already continued for such a length 
of time, that it itself, as well as the magnetism produced by it, have already at- 
tained their maxima before the interruption, and have consequently become 
stationary. ; 
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of unmagnetic metals into the extra spiral appeared to cause no 
diminution of the spark, even when this was composed of five 
connected spirals. 

82. These facts tend therefore also to explain why a spring 
which breaks connexion in azimuth 135° on the insertion of 
iron into the spiral, produces a diminution, although but slight, 
in the vividness of the spark, and why the physiological action 
also, with the connexion I and II through the body, appears 
somewhat diminished, although, without the insertion of the 
spiral in this position of the keeper, the primary current would 
have already exceeded its maximum. As a general conclusion, 
therefore, in whatever part of the second quadrant the interrup- 
tion is effected, the first extra current will always have been in- 
creased for a longer time by the inserted iron than the second ; 
the primary current will therefore have lost more in the first 
quadrant by means of the extra current than it will gain up to 
the point of interruption in the second by the insertion of iron. 
It also appears that the intensity of the primary current in the 
second quadrant decreases much more slowly than it increases 
in the first quadrant; for the sparks and shocks are much more 
intense when the spring breaks connexion in azimuth 135° than 
when that is effected in azimuth 45°. The reason why this 
occurs when no spiral is inserted is, because the coils of the 
keeper itself, with the nucleus of irou which they enclose, may 
in a certain sense be considered as its own extra spiral. 

83. If spark experiments are to be instituted, correspond- 


ing to the physiological experiments in which the body closed — 


the circuit either by I and III or II and III, then an arrange- 
ment must be made to break the metallic connexions I and 
III and II and III at the instant the spring breaks connexion 
at u. This was effected by the addition of a fourth cylinder 
w, (fig. 7), identical with the cylinder w,, on which w presses, 
and moreover insulated from the axis, upon which any two of 
the connexions I and III or II and III slide with a certain 
pressure, the one continuously, which is clamped at 14) in the 
stand G,.the other intermittent, proceeding from 13) in the 
stand F. If the clamp 7) is connected with 12) by a wire in- 
dicated by the dotted line in fig. 7, and in the same manner 
15) is connected with 4) by a second wire, then, at the instant 
the spring proceeding from 13) comes in contact with the wood, 
the previously existing secondary connexion II and III is 
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broken; if, on the contrary, 7) is connected with 12) and 15) 
with 8) by means of wires, then when that spring touches the 
wood the previously existing secondary connexion I and II is 
broken. 

It must be however borne in mind, that this case, as well as 
that of chemical decomposition, which will be considered directly, 
is not perfectly comparable with the experimental arrangement 
in the physiological experiments; for as the body presents a 
considerable resistance to conduction, its influence upon the 
primary current could be disregarded as long as it formed a 
secondary connexion with uw closed. This is by no means the 
case when, as here with w closed, either I and II or II and III 
forms a perfect metallic secondary connexion, in which case the 
galvanometer shows that a great part of the primary current 
takes this route. Now we can always picture to ourselves the 
extra current excited in the extra spiral under the form of a 
greater resistance, which this spiral opposes to the primary cur- 
rent p produced by the keeper. The insertion of iron increases 
this resistance, and in this case a greater portion of p will pass 
through the secondary connexion I and II than when no iron is 
present in the extra spiral; and indeed the spark is then much 
more brilliant, namely, that on the cylinder w,, whilst that at 
on the cylinder w, is nearly extinguished. With the connexion 
IJ and III the augmentation of the spark in the secondary con- 
nexion at w, is not remarkable, inasmuch as E is there increased. 
As with the adopted arrangement of the apparatus the spark on 
breaking connexion at w on the cylinder w,, and that between I 
and IJI or II and III on the cylinder w,, appear directly side by 
side, the growing intensity of the one corresponding to the de- 
creasing intensity of the other when iron is inserted into the 
extra spiral, presents a very instructive spectacle. 


3. Chemical decomposition. 


84. If the current is retained constantly in the same direction 
by means of the forked springs y y, and if the voltameter is to be 
‘introduced immediately into the circuit of this current, but not 
‘as a secondary connexion, then the connexion will be different 
when an extra spiral is inserted than when that is not done. 
If the wires I and II proceeding from 4) and 8) lead to the vol- 
tameter, this then forms the connexion between the two cylin- 
ders w, and w, by means of the stands C and D, as only one 
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arm of the spring is in metallic connexion with one cylinder, and 
each stand consequently only in metallic connexion with one cy- 
linder. If, on the contrary, the voltameter is inserted between 
the wires I and III, the connexion then proceeds from the 
stand D through the extra spiral to the stand E, and from this 
to the voltameter. In the first case the resistance to conduction 
would consist of the resistance offered by the wire surrounding 
the keeper, and that of the fluid between the electrodes of the 
voltameter. By the addition of the usual extra spiral the first 
part of this resistance is increased about five times. Neverthe- 
less the whole amount of gas thus obtained was only about one- 
fifth of that obtained without the extra spiral, and the quantity 
was very much more lessened by the insertion of iron in the form 
of rods or bundles of wires. If the quantity of gas obtained is 
taken as the measure of the quantity of electricity which has 
passed through the wire in a certain time, then this is actually 
diminished by the action of the revolutions of the extra spiral 
upon each other, and by the magnetism of the iron which it 
encloses. 

When the usual springs 3), 5), 9) are used instead of the 
forked springs y y, but in such a manner that 3) also is in con- 
stant metallic contact with the cylinder w,, and the voltameter is 
interposed in the first instance without this spiral, and immedi- 
ately in its stead between 1) and 6), afterwards in conjunction with 
this spiral so that it may be supposed to occupy a position in 
the middle of the inducing wire 8, then with alternating currents 
analogous phenomena are obtained to those which have been 
observed with currents in a like direction. 

85. If however the voltameter is to form a secondary con- 
nexion with uninterrupted currents, at one time to the keeper, 
at another to the extra spiral, then it must be interposed, the 
springs 3), 5), and 9) preserving a like position, at one time 
between I and III and then between II and III. In both cases 
the insertion of iron considerably accelerates the decomposition 
of water. The current therefore which divides itself between 
the primary and secondary connexion, experiences, when iron is 
present in the extra spiral, as well in the coils of this spiral as 
also in the coils of the wire surrounding the keeper, a greater 
amount of resistance than when the extra spiral contains no 
iron. [f, on the contrary, the voltameter form a secondary 
connexion to the straight portion of the principal connexion, 
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then an imperceptible portion only passes through it; for if u 
is in constant metallic connexion, and I and II are connected 
by the voltameter, no decomposition ensues. Similar relations 
are observed with I and III when connexion is broken at uw in 
azimuth 90°, or 90° and 270°, i. e. when the voltameter, after 
having formed for some time a secondary connexion, now be- 
comes the chief connexion. Gas is then produced in the volta- 
meter between I and II, with one break only in azimuth 90°, 
therefore with a current in a like direction, and moreover much 
more gas with empty spirals than when iron is contained in 
them. 

The chemical effects therefore correspond with the phzno- 
mena observed with the sparks. Here also the phenomena de- 
pendent upon the extra current are more distinct, when the hand 
of the pachytrope is arranged for physical than when it is ar- 
ranged for physiological effects. 

86. Lastly, it may be asked, what phzenomena will occur when 
the current flowing at the commencement in a metallic circuit 
without any secondary connexion is on the breaking of this cir- 
cuit closed by the voltameter? In the drawing, the moment con- 
nexion is broken at u,I and III or IJ and III must first be con- 
nected by the voltameter. This is effected in the following man- 
ner :—Suppose the primary current to be only once interrupted 
in azimuth 90°, and that the voltameter is inserted between 8) 
and 15). The springs 13) and 14) are inclined so much to- 
wards the left upon the cylinder w,*, that when the spring 3) 
comes in contact with wood, the spring 14) on w, touches metal, 
and vice versd, whilst 13) is constantly in connexion with metal. 
Besides this, 7) is connected with 12) by a cross wire. As long 
as 3) is in contact with metal on w,, the connexion is made from 
w;, through 5), 6), the spiral, and 1), 3) to w,, whilst the vol- 
tameter, in consequence of the interruption on w,, forms no se- 
condary connexion. When however 3) reaches the inserted 
wood, the connexion from w, to w, is then effected through 5), 
7), 12), 13), wy 15), the voltameter, and 8), 9); the spiral 
is therefore excluded. It is obvious however that the true ac- 


is 

| * The inserted plate of wood on w,, which is next to the cylinder ws, is in- 
| tended for alternating currents, and covers therefore only one-sixth of the cir- 

0.) eumference, as it again occurs in a diametrically opposite position. The inserted 

rT = of wood nearest to the end of the axis B occupies on the contrary one- 

_ | half of the circumference of the cylinder. 
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tion of p—A is not here obtained, because, during the rotation 
of the keeper through the nearest semicircle, the voltameter, as 
in § 84, is directly interposed in the circuit of the current, as 
the keeper also remains in the connexion. This is not the case 
when the voltameter is inserted between II and III instead of 
being placed between I and III. Here the spiral is in the con- 
nexion, and the keeper remains excluded. If the commutation 
here happens a little too late, we therefore obtain no action, and 
with I and III, according as the previous current is active or 
not, a variable or invariable quantity of gas when iron is in- 
serted into the spiral. A further prosecution of this investiga- 
tion therefore did not appear advisable, as the slightest alteration 
in the point of contact of the spring upon the cylinder exerts 
a considerable influence. 


4, Galvanometer. 


87. As with continuous sliding springs alternating currents 
succeed each other, we obtain in this case, even when the gal- 
vanometer* effects a secondary connexion, the phenomena of 
the so-called deviation in a twofold direction, according to which 
the needle is moved in the same direction to that which it al- 
ready occupied towards the coils of the galvanometer, before 
being acted upon by any current whatever. Something similar 
naturally happens, when with a spring that breaks connexion 
twice (in azimuth 90° and 270°), the wire of the galvanometer, 
during the rotation of the keeper through the second and fourth 
quadrant, does not form a secondary but the chief connexion. 
In this latter case therefore the phenomena are more pro- 
minent. 

88. If, on the contrary, the intermittent spring (3) breaks con- 
nexion only once in azimuth 90°, then in like manner the gal- 
vanometer is traversed by alternating currents, but only when 


* In galvanometric experiments the extra spiral must be considerably re- 
moved from the Saxton’s machine. For as soon as the rotating keeper is 
brought from its horizontal position before the poles of the magnet into a verti- 
cal position, the magnetism in the magnet becoming free exerts an inducing 
influence upon the iron which is contained in the extra spiral. The current 
thence induced in the spiral is perceptible at considerable distances when the 
galvanometer needle is truly astatic. To ascertain the distance at which this 
disturbing influence ceases, we have only to connect the ends of the extra spiral 
in the first instance alone with the galvanometer, and then to turn the keeper. 
If Ho eae then ensues, the spiral must be at the proper distance from the 
machine. 


be he 
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the galvanometer is inserted between I and 
III do we obtain deviation in a twofold direc- 
tion; with the connexions I and II or II and 
III, on the contrary, a normal current, which, 
particularly when the rotation is rapid, over- 
powers the alternating current. If this cur- 
rent flows from I to II in the galvanometer 
which is inserted between II and I, then the galvanometer in- 
serted between II and III indicates a deflection in the direc- 
tion from III to II, with this peculiarity, that the deviation 
which becomes stationary precedes a current in an opposite 
direction on the first revolution, which is likewise obtained 
when the keeper is turned half a revolution without being 
rotated. 

It must however here be remarked, that in this manner, on 
the whole, no analogous phenomena are obtained to those which 
have been found with other modes of trial. The production of 
the final extra current in its full energy requires that the cur- 
rent previously circulating in a closed metallic conductor be sud- 
denly very much diminished in intensity, either, as in the case 
of sparks, by an actual break in the circuit, or for physiclogical 
and chemical actions by the insertion into the interrupted circuit 
of a substance (the voltameter or the human body) offering a 
much greater resistance to conduction. If the want of conti- 
nuity produced at w is supplied by a galvanometer (as in the 
connexion I and II), or if the current excited in the rotating 
keeper remains closed by the galvanometer between I and III 
on breaking connexion at w, then no interruption whatever occurs, 
and the zero of the current is transferred to azimuth 180°. The 
circuit is only broken in reality with the connexion IT and III 
when E is able to form. The same applies when, to avoid alter- 
nating currents, the keeper is only turned round half a revolu- 
tion. 

89. Now, by means of the springs 13), 14), the galvanome- 
ter was first inserted at that moment, when the spring 3) at w 
broke connexion once in azimuth 90°, and the keeper was kept 
in continual rotation. The results were as follows :— 

1. Galvanometer between 8) and 15). At the break the 
spiral is excluded from, and the galvanometer enters into the 
connexion. This corresponds therefore with the connexion III 
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and I. The current proceeded from I to III, in the figure 
therefore from s to a. 

2. Galvanometer between 8) and 4). First it forms a se- 
condary, then a chief connexion. The keeper as well as the ex- 
tra spiral remain in the connexion. The current is from I to II, 
in the figure therefore also from s to a. 

3. Galvanometer between 4) and 15). At the break the 
keeper leaves the connexion, whilst the voltameter with the extra 
spiral come into the connexion. The current proceeds from 15) 
to 4). This corresponds in the drawing with III to II. Here 
too therefore the current is in the direction from s to a. 

It was further ascertained, that with forked springs the con- 
stant direction of the current, determined by the galvanome- 
ter immediately included in the circuit, is the same with an in- 
serted spiral as without it, therefore p is in a like direction with 
p—A+E. 


5. Experiments with the empty wire keeper. 


90. Although it is probable a@ priori that primary currents, 
which are excited by the magnetization of soft iron, are identical 
in their action with currents which are induced by a magnet in 
motion, it appeared nevertheless desirable to prove this empiri- 
cally. Instead of the iron keeper surrounded with wire, the 
empty keeper described at § 40 was employed. The insertion 
of the spiral, even without a nucleus of iron, produced with this 
hollow wire keeper exactly the same modifications in the phy- 
siological action as those described with the iron keeper at § 72. 
The result is important, because it upsets the opinion that the 
presence of iron is essential in causing A to overpower E, and 
because it will now be seen that we were justified in having 
neglected in the foregoing researches the reaction of the extra 
current upon the magnetism of the rotating keeper. Nor has 
the form of the iron exerting the inducing action any influence, 
for the same phenomena are obtained when the keeper of the 
machine is composed of bundles of iron wires. 


6. Immediate production of sparks on interrupting conduction. 
91. Lastly, a phenomenon observed during the researches 
with Saxton’s machine deserves a short notice, because it affords 
means for answering the question, whether the spark observed 
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on breaking connexion in a wire through which an electric 
current is circulating, occurs at the moment connexion is broken, 
or at a measurable time after this interruption. This occurs in 
Saxton’s machine, when the sliding spring leaving the metal 
comes in contact with wood, which happens in a certain position 
of the keeper. If the spark is perceptible at the moment the 
interruption is effected, the keeper must have this position ; 
if it appears at a later period, the position of the keeper must 
correspond with a later stadium of rotation. The difference 
between the two positions will be greater the quicker the 
keeper is rotated. Now, when the machine is caused to rotate 
slowly or quickly in the dark, the keeper, illuminated by the 
sparks, appears perfectly stationary in that first position, even 
when viewed by a telescope provided with cross threads directed 
towards a certain mark upon the keeper. No measurable space 
of time therefore transpires between the interruption to conduc- 
tion and the appearance of the bac although by this means 
a lesser magnitude than the ;,455 of a second could be mea- 
sured. 

92. By the researches adduced in this section it has there- 
fore been proved, that the presence of iron modifies the nega- 
tive effects of the incipient extra current in the same manner 
that it modifies the positive effects of the final extra current, 
and that both are closely related to the secondary currents as 
regards all their properties which are susceptible of proof. It is 
true that these researches only extend to the particular case in 
which the primary current is a magneto-electric current. But 
these currents appear at present to offer the only attainable 
means for instituting such investigations. Besides, without 
them the fact observed for induction with frictional electricity, 


_ that an increased physiological action is effected by bundles of 


iron wires, and a decreased action by solid iron, would be al-. 
together without analogy. In § 77 of this section, I have suc- 
ceeded in showing the same phenomenon by means of Saxton’s 
machine. This appears to indicate, that, as the modifications in 
the action of iron upon the currents induced by it, according as 
it is used in the form of solid rods or bundles of iron wires, 
may be traced to a change in the duration of these currents, so 
likewise the secondary current of a Leyden jar differs only from 
the currents induced by other sources of electricity in the instan- 
02 
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taneousness of the primary current which produces it, and in its 
corresponding shortness of duration. 

93. From the experiments which Faraday has detailed in his 
fifteenth series*, upon the electricity of the Gymnotus, and from 
those instituted by Matteucci upon the Torpedof, it may be 
presumed that it will be possible to obtain secondary currents of 
sufficient strength from the primary currents of those animals, 
capable of being submitted to similar modes of trial to those 
which have here been put in practice with secondary currents 
from other sources of electricity. If the fish could be enclosed 
by means of collectors in the inner spirals of a differential induc- 
tor, we should then be able to ascertain, by allowing a bundle of 
wires in the one spiral to oppose a solid iron cylinder in the 
other, what influence the breaking up of a mass of iron into a 
bundle of wires exerts upon these currents. We should thus be 
able more accurately to determine what position these currents 
would occupy in the series in relation to those produced from 
other sources of electricity. If these were arranged according 
to the time which a given quantity of electricity requires to be 
neutralized, they would form a series somewhat like the fol- 
lowing :— 

1. The current of a discharging Leyden jar, extra current 
from the same source, secondary currents of the first and higher 
orders, and lastly, currents induced by bundles of iron wires, 
which have been electro-magnetized by an electric battery. 
These currents exerting a powerful physiological action without 
a retardation of the current, do not affect the galvanometer 
needle. 

2. Currents induced by solid iron, magnetized by means of 
frictional electricity. 

3. Currents of higher orders, induced by electro-magnetized 
bundles of iron wires, when the primary current is of galvanic or 
of magneto-electric origin. The lower the order of the cur- 
rent, the more distinct is its galvanometric action. 

4. Currents of the first order induced by bundles of wires when 
the magnetizing current is of galvanic, thermo-electric or mag- 
neto-electric origin. 

5. The same currents induced by solid iron. 


* Philosophical Transactions for 1839, Part I. 
+ Essai sur les Phénoménes Electriques des Animauz, Paris, 1840, 8. 
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6. The current of Saxton’s machine with an empty wire 
keeper. 

7. The current of the same machine with a surrounded iron 
keeper. 

8. The current of the closed thermo- or hydro-circuit. 

In the history of the science, the first and last members of 
this series were the first to be discovered. Such a wide gap lay 
between them that doubts were entertained as to their identity. 
Now that a number of intermediate members have been supplied 
by the phenomena of induction, the gradation has become so 
gentle, that any endeavour to draw a line of demarcation between 
them must be perfectly arbitrary. 
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ARTICLE V., 
Investigations on Radiant Heat. By H. Knospiauca*. 
[From Poggendorff’s Annalen der Physik, &c. for January and March 1847. ] 
Description of the Apparatus. 


In my investigations I made use of a thermo-multiplier, an 
instrument which has been brought to such wonderful perfection 
by Fecquerel, Nobili and Melloni, that in experiments on radia- 
tion an unqualified preference must be conceded to it beyond all 
other thermoscopes. 

The accuracy of this apparatus, upon which, with its great 
delicacy, its peculiar value depends, is owing to the following 
circumstances :— 

1. That, on account of the coating of the pile with lamp- 
black, it is equally susceptible of every kind of calorific rays. 

2. That, after reduction of the deviations of the needle of the 
galvanometer to degrees of electric force, its indications may be 
regarded as measures of the heat received by radiation, because 
the intensity of the electric current excited in the pile by the 
difference of temperature, is proportionate, within the limits of 
these experiments, to this difference of temperature. 

The truth of the first position has been placed beyond doubt 
by the investigations of Melloni, and that of the second by those 
of both Becquerel and Melloni. 

The Thermal Pile which I made use of consists of twenty- 
five pairs of bars of bismuth and antimony, each of which is 35°5 
millim. long, 2°3 millim. broad, and 1°5 millim. thick, They are 
carefully isolated as far as the part where they are soldered, and 
cemented into a brass ring, beyond which they project 5°5 
millim., forming five series, each consisting of five pairs. Their 
extremities are sloped off, so that the anterior surface of each pair 
forms a right angle, its sides being 2°1 millim. and 1-0 millim. 
in length. The surfaces of both sides of the pile are exactly the 
same, and are coated with lamp-black of uniform thickness. 


The side next the source of heat is furnished with a polished — 


metallic cylinder 30 millim. in diameter and 60°9 millim. in 


* Translated by J. W. Griffith, M.D. 
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length, and the opposite side with a cylinder of the same 
diameter, but only 19 millim. in length. Both by these and by 
screens properly placed, the pile is protected from all extraneous 
rays, so that, excepting the temperature of the surrounding air, 
which acts equally on all sides, it is only exposed to the influence 
of the source of heat. 

The conducting wires which connect it with the multiplier 
are fastened, by means of binding screws, to copper sockets, in 
which the poles of the pile terminate. | 

The Multiplier is constructed on Nobili’s principle, which ap- 
peared to correspond to the desired object better than any other 
recently proposed arrangements, and its accuracy has been com- 
pletely verified in the series of experiments about to be detailed. 

One advantage in my instrument consists in the wire being 
composed of electrotype copper; hence the disturbing influence 
of the iron* contained in the ordinary conducting wire was 
avoided. Certainly the wire was drawn through steel, instead 
of which a ruby might have been used; however, there is no 
fear of the wire becoming contaminated with iron from this 
source, because the aperture through which it passed was com- 
pletely covered with copper, and moreover it was carefully 
washed in dilute acid before being covered with the silk. How 
fully the object was attained in this way is evident, among other 
circumstances, from the double needle with the purified copper 
wire remaining only 1°°5 on either side of zero on the scale; 
whilst in the coils of an ordinary conducting wire it could not 
be approximated more than to 20°. The slight deviation of 15, 
which arose from the magnetism of the coppert+, might certainly 
have been avoided by closing the fissure between the coilst ; 
but other circumstances appeared to render this unadvisable. 
The length of the copper wire which surrounds one needle of the 
astatic arrangement in 160 turns, is 31°5 millim.; its thickness is 
1*1 millim. The mean length of the coils of wire is 9 centim. 
2°5 millim.; their breadth, 4 centim. 6°5 millim.; their mean 
distance from each other, 15-0 millim. The two equal portions 
of which the galvanometer wire consists, and which being wound 
around each other form the coils, may be combined so as either 
to allow the current to pass through them successively, and thus 
singly the whole length of the wire, or so that it simultaneously 

* Moser, Dove’s Repert. vol. i p. 261. 


t H. Schroder, Pogg. Annal. vol. liv. p. 59, and vol. lvi. p. 339. 
} Péclet, dnn. de Chim. et de Phys., ser. 3, vol. ii. p. 103. 
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enters and passes from both portions, and thus passes double 
through half the length. 

The combined magnetic needles are 7:0 centim. in length, 
1'1 millim. diameter in the centre, and 17°0 millim. distant from 
each other. The little ivory column which supports them is 
suspended from the finest possible silk-worm thread 30 centim. 
in length. Thus they form a system, which completes a simple 
oscillation in sixteen seconds, and assumes an almost constant 
position, determined by the torsion of the thread and the com- 
bined action of the magnetism of the needles*, of about 45° 
towards the magnetic meridian. The upper needle vibrates 
above a circular disc of copper precipitated by galvanism, of 
8 centim. 5'0 millim. in diameter, and cut through at an angle 
of 90°, and upon the silvered margin of which the graduated 
division of the circle is engraved. 

A cylindrical glass case, 6 centim. high and 14 centim. in 
diameter, surrounds the whole; and its upper plate being only 
1 centim. from the copper disc, admits of our reading off to half 
a degree. In its centre a glass tube 32°5 centim. high and 22°4 
millim. in diameter is placed; this surrounds the silk thread, 
which is fixed to a metallic rod in its upper part, 14 centim. in 
length, capable of moving in a vertical direction, and serving at 
the same time to stop the motion of the needles. ‘ 

To protect the instrument from vibrations, it was placed upon 
a bracket, which was fastened to the wall by brass nails. The 
wires which united it to the thermal pile are not screwed imme- 
diately into the galvanometer, but to separate solid copper 
sockets, which are in firm union with the extremities of the coils. 

The thermal pile and multiplier were made by M. Kleiner, 
one of the most skilful mechanics in Berlin. I convinced my- 
self by experiment, that on using a pile of twenty-five pairs it 
would be more advantageous to pass the current through the en- 
tire length of the galvanometer wire, than to conduct it in two 
portions through half the length; for the same source of heat 
which in the first case caused a deviation of 28° in the magnetic 
needle, in the second combination of the wire caused a deflection 
of only 26°°5 ; or in the first case of 37°, in the second of 35°; or 
in the first of 51°, and the second of 48°. 

The former mode of closing the circuit has therefore been used 
throughout the series of experiments ft. 


* Moser, Dove’s Repert. vol. i. p. 260. 
+ That exactly the reverse should occur with a single pair, in which the 
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I shall pass over the manifold difficulties which impeded my 
observations, and which entailed a long series of fruitless expe- 
riments, by which I ultimately succeeded in ascertaining the 
entire range of disturbing influences, and, as I think, in over- 
coming them; for every one who engages in these investiga- 
tions has to learn the effect of local influences from his own ex- 
perience; and an opportunity will hereafter be taken of detailing 
the minor conditions which must be taken into consideration in 
the critical examination of the results. 


I. On the Passage of Radiant Heat through Diathermanous 
Bodies, with especial regard to the Temperature of the Source 
of -Heat. 


The results to which such investigations as have hitherto been 
made on the immediate passage of radiant heat through certain 
bodies have led, may be briefly summed up in the following 
positions :— 

1. Heat passes through certain (diathermanous) substances, 
and this in an immeasurably small space of time. 

2. In one and the same body the quantity of heat transmitted 
is proportionate to the smoothness of its surface. 

3. The loss which heat suffers on radiating through a sub- 
stance is less in proportion as it has already penetrated through 
thicker layers of this substance. 

4, Radiant heat passes through different bodies in different 
proportions; however the property of bodies to transmit it 
has no relation to their transparency. 

5. Rays from one and the same source of heat, which are 
transmitted in succession through different diathermanous sub- 
stances, experience from this, losses which vary according to the 
nature of the bodies, and are always greater than those which 
they experience when transmitted through homogeneous bodies. 

6. Rays of heat, from different sources, which directly pro- 
duce similar elevations of temperature, pass through one and 
the same substance in dissimilar proportions. 


resistance to the conduction of the electromotive elements was comparatively 
small to that of the wire closing the circle, was a simple consequence of Olim’s 
law. (The Galvanic Circuit, considered Mathematically, by Dr. G. S. Ohm. 
—Scientific Memoirs, Parts VII. and VIII.) 

In this case, experiment produced a deflection of 26° for a certain intensity 
of thermo-electrical excitation, when the current ran simply through the length 
of the wire of the multiplier; but of 37° when it simultaneously passed through 
both portions of the coils; and in another experiment, in the first case, 36°; and 
in the second, 50°. 
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The experiments of Delaroche and Melloni, which were made 
with regard to this point, for directly comparing the transmission 
of heat from different sources through diathermanous bodies*, 
appear to indicate that the power of heat to radiate through 
these bodies increases in proportion to the temperature of its 
source. 

Thus Delaroche found that a constant number of 10 rays of 
heat, passing through a glass screen, 


with a source of heat of 357° was contained in 263 rays, 


ove eee 650° oan 139 ... 
ove eee 800° eos fips posers 
one eee 1760° ove 34 .. 
in an Argand lamp burning freely : aT: Ma 


and in one furnished with a glass chimney . 18 ... 


And Melloni observed—to give a single example only from 
among the numerous ones which he has adduced—that 


of 100 rays of heat, which copper emits at 212°. . 33 
which copper emits at 730° . . 42 

ar “ which red-hot platinum emits . 69 

= ae from a Locatelli’s lamp. . . . 78 


pass through a plate of fluor spar 2°6 millim. in thickness. 
Two observations only form an exception to the position ad- 
vanced ; for pure rock salt, according to Melloni’s investiga- 
tions, is penetrated by rays of heat from every source in a uni- 
form manner ; and prepared rock salt, according to Melloni and 
Forbes, is penetrated by heat in a degree which increases in 
proportion to the diminution in the temperature of its source. 

Melloni withdraws a former observation, according to which 
the heat of red-hot platinum passes through black glass better — 
than that of an Argand lamp; and shows that the instances, be- — 
sides the example adduced, in which Forbes considered that he 
had observed the better transmission of heat of a lower tempera- 
ture, had not afforded pure results of radiation, and therefore — 
could not enter into consideration in this point of view. 

The two instances specified therefore stand alone in opposition 
to an apparently general law. One only directly contradicts it, 
and relates to a substance which differs from other diathermanous — 
bodies in numerous respects. Hence the supposition of an in- 
fluence of temperature on the transmission of heat through — 


* (On this point the reader should perhaps be referred also to Professor 
Powell's paper, Phil. Trans. 1825.—Ep. ] ‘ 
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diathermanous media did not appear to me sufficiently dis- 
proved, and I therefore endeavoured experimentally to decide the 
question, 

Whether the power possessed by rays of heat, of passing through 
certain bodies, has any perceptible relation to the temperature of 
the sources from which they are derwed. 

After the extended investigations made by Melloni on the 
most dissimilar bodies with such extreme care, I could not expect 
to discover new substances which (for the sources of heat used 
by him) might be classified with prepared rock salt as regards 
the transmission of heat. I therefore preferred changing the 
sources of heat instead of the diathermanous media. 

1. In the first series of experiments I made use of red-hot 
platinum, the flame of alcohol, an Argand lamp, and the flame 
of hydrogen. The former was kept at a red heat without flame 
(according to Davy’s method*), by being placed on the wick of 
a spirit-lamp, which it surrounded spirally. The alcohol-flame 
had a uniformly trimmed wick, which never carbonized, and 
dipped in the fluid contained in a glass vessel. The Argand 
lamp, which was at a constant level, with a double current of 
air, had a cylindrical wick without a chimney. The flame of 
hydrogen issued from the tube of a gasometer constructed for 
the purpose, and which allowed the gas to escape under a con- 
stant pressure. The constancy of these sources of heat during 
the experiment was tested most carefully. They were, of course, 
only allowed to act upon the thermoscope to such an extent as 
would allow of their being submitted to comparison, being pro- 
tected from the rays of parts accidentally heated with them by 
polished metallic screens. 

However uncertain determinations of temperature may be 
with regard to this point, nevertheless all natural philosophers 
are agreed that the degree of heat of a red-hot spiral of platinum 
wire is less than that of a flame of alcohol, which is able to raise 
the wire to a yellow heat; and less than that of an Argand 
lamp, in which carbon is raised to a white heat. Moreover, all 
would agree that the hydrogen flame+ has the highest tempera- 
ture among the sources of heat we have mentioned. 

_ The next question is, whether, in correspondence with the 
position advanced by Delaroche, the heat of the alcohol flame 
and the Argand lamp would pass through diathermanous bodies 


* Communicated to the Royal Society of London, Jan. 28, 1817. 
+ Mitscherlich, Lehrbuch der Chemie, 3rd edit., part i, p. 259-290. 
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comparatively better than that of red-hot platinum, and the heat 
of the hydrogen flame more freely than that of the three other 
sources. 

On this point experiment has decided as follows :—When the 
red-hot platinum had emitted rays upon the above-described 
thermal pile to such an extent that the needle when it was com- 
bined with the multiplier deviated to 20°, it went back to 12° 
when a plate of colourless glass 1°3 millim. in thickness was in- 
troduced between the source of heat mentioned and the thermal 
pile. These 12° corresponded to the heat which passed through 
the glass. But when the alcohol flame, by its immediate action 
upon the thermoscope, had produced a similar deviation of 20°, 
the needle receded to 11° when the same glass plate was inserted 
at the same spot; consequently the heat of the alcohol flame 
passed by radiation through the glass plate to a less extent than 
that of the red-hot platinum. The heat of the Argand lamp, 
which had also directly caused a deviation in the needle to 20°, 
on inserting the glass produced a deviation of 15°. Finally, 
when the hydrogen flame radiated upon the thermal pile so as 
to deflect the needle to 20°, on inserting the glass screen it 
returned to 12°. Hence it is evident that the heat of the hy- 
drogen flame and the red-hot platinum, notwithstanding the 
great difference in their temperature, is capable of passing through 
a glass plate 1°3 millim. in thickness to an equal extent, but that 
the heat of the alcohol flame possesses this power in a Jess degree 
than that of the red-hot platinum, although its temperature is 
higher than that of the latter, and the heat of the Argand lamp 
in a much greaéer degree than that of the hydrogen flame, not- 
withstanding its temperature is decidedly Jower*. 

When, with the same direct action of the sources of heat, the 
glass screen was exchanged for a plate of alum 1°4 millim. in 


thickness, with red-hot platinum the magnetic needle receded to © 
8°25; with the flame of alcohol, to 7°°5; the Argand lamp, to — 


10°5 ; and with the flame of hydrogen, to 7°75. 


Thus the heat of the hydrogen and alcohol flame, with great — 
difference in the temperature, passes through the plate of alum — 


to the same extent; and that of the Argand lamp, and even that 
of the red-hot platinum, pass through this more copiously than 
the heat ‘of the hydrogen flame, although they have a far less 
degree of heat. 


* [This agrees exactly with Prof. Powell’s results, Phil. Trans. 1825; and 
according to that author's views the reason is obvious,—Ep. ] 
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Radiation through gypsum exhibited similar phenomena. 
The heat of the hydrogen flame certainly passes through potash- 
and magnesian mica less freely than that of the three other 
sources; an observation to which I wish especially to draw 
attention, because it is opposed to the expectations which we 
should make after the experiment instituted by Melloni with 
mica. . 

The following table contains the results which have been ob- 
tained on the transmission of heat through the diathermanous 
bodies above mentioned, as well as some others, for various 
direct deflections. 


TABLE I. 


Thick- a Deflection after insertion with 

ness in Substances velo es 
illi- inserted. ee a Red-hot Flame of Flame of Flame of 

metres platinum. alcohol. |Argandlamp.| hydrogen. 
15 | Red glass ...... 20° 11:25 10°75 14-25 12-00 
1-4 | Blue glass ......|  ...00 10°75 10°75 11-75 11-00 
AAPM Aceh sscsaca, |} \axseae 8°25 7:50 10°50 7:75 
0-2 | White mica ... 20° 17-50 18°25 19-00 15°25 
0:1 |Green mica ...| ...... 17°75 18°25 17°75 16°25 
13 | White glass ... ahaa 12-00 11-00 15:00 12-00 
4-4 | Rock salt ...... 20° 16°50 15°50 17:00 15°75 
3°7 |Calcareous spar| ...... 8-25 8-00 12°50 8-50 
1-4 | Gypsum.........] 20... 7:75 6°25 10°25 6°25 
0-2 |Glass-paper ...| 20° 11:75 11-50 14:25 11-50 


15 | Red glass ...... 22° 12:50 
1-4 | Blue glass......|  .e..0e 12:25 
SPAS AUUNG sows yecssces)]! savoes 8-25 
0-2 | White mica ...| 21° 18:25 
OT | Green mica ...| ...0+ 18-75 
1:3 | White glass ...| ...... 12-75 
44 |Rock salt ...... yi I 16°75 
3°7 | Calcareous spar| ...... 9:00 
1-4 | Gypsum.........] 0+... 8-25 
0-2 |Glass-paper ...| 20° 11:50 


15 | Red glass ...... 29° 15°75 
B42 | Blue glass)....0.|, .ss00 13°75 
TEN ee 9°75 
0-2 | White mica ...| 25° 20:00 
aoe Green mica ...| 0... 20°50 
13 | White glass ...| ...... 14:25 
44 |Rock salt ...... 24° 20°75 
37 |Calcareous spar} ...... 10°75 
1-4 |Gypsum......... ASA 9°75 
0-2 |Glass-paper ...| 24° 12-50 


196 KNOBLAUCH ON RADIANT HEAT. 


TaBLeE I. (continued). 


pis 1: Deflection Deflection after insertion with 

milli- inserted. | Py. direct | Rea-not | Flameof | Flameof | Flame of 

metres. ‘| platinum. alcohol. |Argandlamp.| hydrogen. 
1:5 | Red glass ...... | 35° 19-25 18°50 24-75 20°50 
1-4 | Blue glass...... | tease 18°75 18:50 21:25 18°50 
AA LUIT! cs anwacieane | tases 13°75 13°25 17:00 13°50 
0-2 | White mica ..., 32° 26°25 28°75 29°75 25°75 
0-1 |Green mica ...)  .... 27°75 29-50 28:00 26°50 
133) Witte Glass ea}! case. 19-00 16°25 22°00 19-00 
4-4 | Rock salt ...... 1 29° 24:25 21:50 25°25 23°50 
3:7 |Calcareous spar ...... 12-00 11-50 2038 12°50 
PPS Gy ps cn...cos | teres © 10:00 8:50 2-75 8:50 
02 izes ginger ier 28° 14-25 14:25 18°50 14-00* 


It is thus evident that the radiation of heat through diather- 
manous bodies does not stand in relation to the temperature of 
the source of heat in any one of the instances which occur here. 

2. To render the experiment as clear as possible, I also ob- 
served the transition of the heat emitted by radiation from one 
and the same body at different temperatures. 

(1.) For this purpose, with low degrees of heat, | made use of 
a Leslie’s cube}, the sides of which were 8 centim. in length ; 
in this I heated water to ebullition, and then allowed it to cool 
gradually. The cooling took place so slowly, that the tempera- 
ture of the cube, during the short period of the insertion of a 
diathermanous substance, was considered as constant. 

The following phenomenon occurred :—When, by the ap- 
proximation of the cooling cube before each insertion, a constant 
deflection of 35° was produced, the needle each time receded to 
11° when the colourless glass 1:3 millim. in thickness was in- 
troduced between the source of heat and the thermal pile, even 
when the temperature of the former was between 100° and 212° F. 
Thus the heat was capable of passing through the glass plate 


* It may perhaps appear remarkable that I have not produced the same 
direct deflections of the thermoscope for all diathermanous bodies, for the sake 
of greater uniformity. The reason is, that I was compelled to be as sparing as 
possible with the hydrogen which formed one of the flames, because each re- 
production of it interrupted the proper series of experiments for a considerable 
time, and disturbed the comparison of the results. I therefore always started 
from that deflection which the radiation of the hydrogen-flame produced without 
continued regulation, by arranging that of the other sources of heat according 
to it. I might certainly have reduced the various observations by calculation 
to a common one; however, I have omitted this tedious process, because not 
the slightest object would be gained by it except the more elegant form. 

The above table shous that the rock salt which I used did not allow the rays 
from all sources of heat to pass through it in the same manner as was observed 
by Melloni with his. 

+ J. Leslie, An Experimental Inquiry into the Nature and Propagation of Heat. 
Lond, 1804, p. 6. 
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to the same extent whatever the degree of heat of the radiating 
body was, within the limits to which this investigation extended. 
In this experiment it was a matter of indifference whether the 
radiating surface of the Leslie’s cube consisted of metal or glass, 
or whether it was coated with lamp-black, wool, or other sub- 
stances. The same was found to be the case with all other 
diathermanous bodies. Thus the needle receded each time to 
18° when, with a constant direct deflection of 35°, white mica 
0°2 millim. in thickness was inserted between the Leslie’s cube 
and the thermoscope; and each time to 20°, when this was ex- 
changed for green mica 0°1 millim. in thickness. The following 
table will exhibit this still more distinctly. 


Taste II. 
Radiating sure | Dipaneeot | Temperature Dies hielo 
Leshe s aie the thermal | cube accord- | Red glass, Blue glass, Alum, 
4 pile ininches.| ing to F. 1°5 millim. | 1°4 millim. | 1°4 millim. 
‘ 8-5 100° 9-50 8°50 350 
eee ack. | 100 113 9-50 8-75 3-50 
nate aad 12-0 124 9-50 8:50 3-75 
Gee >|. 185 147 9-75 8-50 3:50 
*e 16-0 212 9-50 8:50 3°50 
5°50 82° 9-50 8-50 
2. White glass. 7:00 104 9:50 8:50 
Direct deflection 9-00 122 9-50 8-50 
35°. 12-00 158 9°75 8°75 
13°75 212 9-50 8-50 
70 95° 9-50 8-25 
3. Black paper. 95 120 975 8-50 
Direct deflection 10°5 156 9-50 8:50 
ab°. 11-5 169 9-50 8-50 
15°5 212 9-50 8:50 
Radin weace (av atu ta Lae —___Dsteston on eng 
“a the th 2 ite mica, | G iea, | White glass, 
Leslie’s cube. | ‘ite in inches.| ing to F. | 0-2 millim.’ | o-1 millim. | 1-3 taillim 
7:0 95° 18-00 20:25 11-00 
mepeing black. 8-5 109 17-75 20-25 10°75 
ect. vadi va 13°5 145 18-00 20.00 10-75 
Es os mee 15-0 182 18-00 20:50 10-75 
‘ 16°5 212 18-00 20-25 11-00 
8-0 100° 17:75 20-25 11:00 
2. White glass. 10°5 127 18:00 20-00 11:00 
Direct deflection 12-0 143 18-00 20-00 11-00 
35°. 14-5 165 17°75 20°25 11 00 
16°5 212 18:00 2025 11-00 
55 93° 17:75 20-25 10°75 
3. Red wool. 10-0 127 18-00 20°50 10°50 
Direct deflection 11-5 145 18-00 20°25 10°75 
35°, 13-5 160 18-00 20°25 10°75 


15°5 212 17-75 20:25 10:75 


198 KNOBLAUCH ON RADIANT HEAT. 


TABLE II. (continued). 


Distance of Temperature Deflection after inserting 
ae Wiad Ps ae L * a b Calcareous Glass 
° t e ‘om the es) ie’s cul ] Rock alt, G . a 
Tealie's cube, [ehermal pile) according in| gE og 1 ml 

a eae 9-5 113° | 20:00 | 7:50 875 | 14-00 : 
ee LS, 10-5 122 19°75 7:50 8:50 14-25 
petro by 12-0 135 20-00 | 7:25 | 875 | 14-00 
agli ation | 14.9 160 | 20:00 | 7:50 | 875 | 14-00 | 
: 16-0 212 20:00 | 7:50 875 | 14-00 . 

bn ee 95° | 1975 | 7:25 | 875 | 14-25 

2. = glass. 9:50 1220 | 1975 | 725 | 850 | 14-25 
4 ani 10-00 133 20:00 | 7:50 875 | 14:25 

e ae 11-00 156 20-00 | 7:50 | 850 | 14-25 

“ws 13°75 212 20-00 | 7:50 875 | 14-00 

ae ees 93° | 20-00 | 7:50 | 9:00 | 14-25 

3. as silk. 8-0 104 | 20-00 | 7:50 | 9:00 | 14-00 

: Ake 10-0 122 20:00 | 7°75 9:00 | 14-00 

Pace 12-0 140 19°75 | 7-75 9:00 | 14-25 

: 18-0 212 20:00 | 7°50 875 | 14-25 


Thus it is proved that the temperature of one and the same 
source of heat within the limits of these experiments, 7. e. between 
88° and 212° F., has not the slightest influence upon the trans- 
mission of the heat radiating from it through diathermanous 
bodies. 

I must here again refer to Melloni’s experiment, which has been 
alluded to above (p. 195), and appeared to show that the property 
of heat to pass through mica increases with the temperature of 
the source of heat even between 122° and 212° F. As my ex- 
periments, just now detailed, did not agree with this statement, 
I have repeated them so very frequently that I have no doubt 
of their accuracy. So far as I have repeated Melloni’s experi- 
ments, this is the only case in which my results differ from those 
of this distinguished philosopher, for whom I entertain the most 
profound respect and admiration. 

(2.) The next question was, how heat at temperatures above 
212° F., radiating from one and the same body, would behave — 
as regards transmission through diathermanous bodies. 

For the purpose of investigating this, I placed a cylinder of 
blackened sheet iron, copper or brass, 17 centim. in height and 
3 centim. in diameter above the flame of an Argand lamp, by 
which I was enabled to heat it to different and sufficiently constant 
degrees of temperature. I certainly had no means of determining 
these during the experiment in ordinary thermometric degrees, 


y 
» | 
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however the pile itself indicated elevations and depressions of 
temperature with the utmost accuracy, which was perfectly suf- 
ficient for the decision of the present question. 

_ On transmission by radiation, it was evident that the heat 
emitted by the metallic cylinder at the increased temperature 
passed through some substances comparatively better; through 
others in the same proportion as on the application of a lower 
degree of heat. 

Thus the galvanometer needle, which by direct radiation upon 
the pile was deflected to 35°, receded to 11° on inserting the 
colourless glass, the cylinder being nine inches from the thermo- 
scope; but only to 13° when it had so high a temperature as to 
require removal to a distance of thirty-six inches to produce a 
similar deviation of 35°. 

With green mica, in the first instance a recession of the 
needle to 20°25 was obtained; in the latter to 26°; whilst 
under all circumstances the needle receded to 3°°5 when the plate 
of alum 1°4 millim. in thickness was introduced between the 
source of heat and the thermal pile, and to 8°°5 when gypsum 
of a similar thickness was used. 

The following table contains the details of the observa- 
tions :-— 


TABLE, LIT: 


Distance | Approxima- Deflection after the insertion of 
of the NS Fg 
Radiating metallic latter from | nation of its 
the 


cylinder. temperature | Red glass, Blue glass, Alum, 
thermal pile | according 1'5 millim. | 1°4 millim. | 1'4 millim. 
in inches. to F. 
4 0 Below 234° 9°50 ° : 
ron cylinder. pa alae tam oceeeo 375 375 
Deflection by 145 9-50 8-50 3-50 
direct radiation a = 
35° 24:0 Above 234? 10°25 9°25 3:50 
. 33°5 — 10°25 9:25 3°50 
10:0 Below 234° 9:50 8°50 3°50 
| Copper cylinder. 15-0 —— 9°25 8-50 3°50 
‘Direct deflection 20-0 = 9:50 8-50 3°75 
f 35°. 30-0 Above 284° 10-00 9-25 3°50 
38-0 —_ 10°50 9°50 3°50 
Iron cylinder. 
3 : 10:0 Below 234°} 15-00 14:50 12-50 
eet defection | 30:0 | Above 234° 15-75 15°25 12-25 
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TaBxeE III. (continued). 


Distance | Approxima- Deflection after the insertion of 
of the tive determi- 
Radiating metallic | latter from | nation of its 
cylinder. the temperature | White mica, | Green mica, | White glass, 
thermal pile | according | 0°2 millim. | 0°1 millim. | 1°3 millim. 
in inches. to F. 
Iron cylinder. 8-0 Below 234° 18:00 20:25 11:00 
5 10-0 — 18-00 20°50 11-00 
Deflection by ; = 
direct radiation tS ae 18°75 21°50 11-00 
35° 24:0 Above 234°} 21:00 24-00 11:50 
F 38°5 — 24:00 26°50 12°50 
9-0 Below 234° 18-00 20°25 11-00 
Brass cylinder. 11:0 — 18:00 20:25 11:00 
Direct deflection 15:0 — 20:25 22-50 11:50 
acs 24-0 Above 284°} 20°75 23°50 11°50 
36:0 — 23°50 26:00 13:00 
Tron cylinder. 
: 5 10:0 Below 234° 22°50 25:00 13-00 
Direct deflection | 31-0 | Above 234°] 28-00 | 3150 | 15-00 
Distance | Approxima- Deflection after the insertion of 
sais Veet a ae Ni oti 
ating metallic | latter from| nation of it: 
cylinder, the thermal temperature Rock salt, eed Gypsum, pera 
etary pr 4°4 millim. 37 millim.| 2"4 millim. 0°2 millim, 


Icgneylinder. | 29 |Below234°) 2095 | 730) eae 


Deflection by é 
direct radiation ies 


_ 20:25 7:50 8°75 14:25 
_ 22:25 7°50 9:00 14-25 


35° 26:0 | Above 284°) 22-25 7:50 8°75 14°25 
‘ 34:0 —_— 23°75 8-00 8°75 14:25 
14:5 | Below 234°} 20-00 7:50 8:75 14:25 
Copper cylinder. 16:0 — 20-25 7°50 8:75 14-25 
Direct deflection 20-0 _ 20-25 7:50 8-50 14:25 
aoe. 31:5 | Above 234°} 21°75 7:75 8:50 14-25 
39-5 — 22-75 7:75 8:50 14-25 

Iron cylinder. bi 
: é 9:0 | Below 234°] 28+75 9°50 11-25 19-50 
Direct defiection | 35-5 | Above 234° 32:50 | 9:50 | 11-00 | 19-25 


The distances of the heated cylinder from the thermoscope 
given in this table clearly show the great increase of the heat. 
At the moment when the change in the transmission of the heat 
observed in some diathermanous bodies occurred, its temperature 
amounted to about 234° F. LHven at its greatest heat no trace 
of redness was visible even in the dark. 

3. The transmission of heat, radiating from one and the same 
body at different stages of a red heat, still remained to be exa- 
mined. For this purpose I heated a spiral of platinum wire to 
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a red, yellow and white heat over the chimney of a Berzelius’s 
lamp. The visible portion of the flame of the alcohol was never 
allowed to rise above the metallic cylinder of the lamp, and the 
thermal pile was protected from its rays by polished screens of 
tinned iron. 

Experiment showed that when the direct radiation of heat 
from each of the sources mentioned thrown upon the thermal pile 
had deflected the needle to 35°, on transmission through colour- 
less glass the heat from platinum at dark redness produced a 
deflection of 10°5; at ared heat, of 17°25; at a yellow heat, of 
17°25; and at a partial white heat, of 21°12. Thus the rays 
from platinum at a red and yellow heat, having a great difference 
in temperature, are transmitted by colourless glass in exactly the 
same proportion. When the glass was replaced by the plate of 
alum we have so frequently mentioned, a deflection of 10°2 in 
the needle was produced by the platinum at dark redness; of 11°°4 
for platinum at a red heat; of 91 for that at a yellow heat; 
and of 12°°4 for that at a partial white heat. Thus the heat of 
the platinum at a yellow heat passes through the plate of alum 
to a less extent than that of the platinum at a red heat, nay 
even than that of platinum at a dark red heat, notwithstanding 
its far higher temperature. 

The same applies to gypsum. The heat of platinum at dark 
redness passes most imperfectly through mica; that of platinum 
at a red heat comparatively better; that at a yellow heat still 
better; and that at a white heat best of all. Hence we find 
every possible case, independent of the temperature of the 
source of heat. The following table contains the observations 
on this point :— 
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TaBLeE IV. 
Deflection after the insertion, by 
i 8: 3 Deflection ; di 
He re . Sabstanees by direct Platinum Fiesnnre Piagupas Platinum 
millim. ‘ radiation. | ata dark | .-; ees t yellow partly at a 
red heat. Sedineate neat white heat. 
1-5 | Red glass ...... 20° 775 9°50 9:00 | 11-00 
1-4 Blue glass...... |  ...... 7:37 8-70 7:87 9:50 
ray Alans: Zessseeies ili egtettt 6:37 6:50 4:50 7:50 
0-2 | White mica ... 20° 12-75 16°50 17-25 17°75 
0-1 Green mica ...| ...... 13°75 16°87 17:50 17°75 
1:3 , | White glass ...| ---..- 6:12 10°37 10°37 12°50 
4:4 | Rock salt ...... 20° 13-50 16-62 15:50 16-88 
ci oho spar] ....0. ad 8:50 es 10:37 
: VPS eicadeeaul t. cwpeas 20 6:50 3 7:00 
0-2 Glass paper ... 20° 9-62 10°50 11:00 12-00 
15 Red glass ...... 35° 12-50 18-40 17°31 21:31 
14 Blue glass...... | ...0s- 11-75 16-44 15-20 18-40 
Mass PATONG ecgenres| etaxcses 10°20 11-40 9:10 12°40 
0:2 | White mica ... 35° 20°25 27°44 29°50 30°60 
0-1 Green mica ...| «..... 23°10 28°50 29-94 30°81 
1:3 %:| White glass\..5 |) «2.22. 10:50 17-25 17-25 21°12 
4:4 | Rock salt ...... 35° 24:26 29-60 28°95 30°25 
3:7 | Calcareous spar | «s+. 9:07 14:15 12°55 17:00 
1240) Giypsuin se. teste || Wiese 9°81 11:80 9:50 12-70 
0-2 | Glass paper ... 35° 15:12 17-25 18:12 19-12 
15 Red glass ...... 40° 13-00 19-00 18-00 23:12 
1:4 | Blue glass......| ...... 12:25 17°12 16°50 19-62 
aoe | Alanteescdvedsces |urteesens 11-25 11:50 10-00 12°50 
0:2 | White mica ... 40° 24:50 32°50 84-75 35°62 
Ol | Green mica*...| ...... 27:50 33°62 35°00 35°75 
I3' ~ | White glass s..|' <.... 12:25*| 20°75 20°88 24:88 
4:4 | Rock salt ...... 40° 30:00 35°25 34:25 35°75 
3:7 | Caleareous spar| ...... 10°50 15°75 15:00 | 20-00 
TSOP Gy pens severe. |) ceees 12:00 12°87 11°75 15:12 
0-2 |Glass paper ...| 40° 18:25 20°62 21-75 | 23:25 


The numbers which refer to the direct deviation of 20° are 
each the arithmetic mean of two observations, those for 35° the 
mean of four, and those for 40° also of two experiments. The 
results of the individual series thus combined agreed so per- 
fectly with each other, that the above numbers may be regarded 
as accurate to within half a degree. 

Hence it is experimentally placed beyond all doubt, that the 
passage of radiant heat through diathermanous bodies is not in 
immediate connexion with the temperature of its source, as was 
probable from previous experiments, but is alone dependent upon 
the structure of the diathermanous substance, which is penetrated 
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by certain rays of heat in a greater degree than by others, 
whether this occurs at a lower or higher temperature*. 

That free radiant heat is really the agent concerned in the 
cases we have detailed, follows with certainty from the following 
observations :— 

1. When, after the insertion of one of the above bodies be- 
tween the source of heat and the thermal pile, the needle of the 
multiplier has arrived at a certain deflection, if the source of 
heat be removed whilst the inserted substance retains a fixed 
position as regards the pile, the needle at the same time returns 
to the same point, whatever may have been the extent of the 
amount of deflection. Hence this does not arise from the in- 
serted body itself becoming heated. 

2. If the thermal pile be removed from the field of rectilinear 
radiation of the source of heat, whilst it preserves a constant 
distance from the inserted substance, which remains exposed to 
the heating rays, the needle immediately returns to the same 
point which it attains on the removal of the source of heat; a 
further proof that the deviation observed cannot be ascribed to 
the heat absorbed by the former substance. 

3. In almost all the bodies experimented upon, the indication 
of the thermoscope is diminished when it is coated on both 
sides with lamp-black; and when thus its power of absorption 
and radiation is increased at the expense of the transmission. 


* TI obtained the following results when radiant heat from a Leslie’s cube at 
212° F., red-hot platinum, the flame of alcohol and an Argand lamp was trans- 
mitted through prepared rock salt :— 


Deflection after the insertion in 


* Defiec- the case o: 
Thick- tion by 
ness in Substance inserted. direct | Source | Red- FI 
miliim. radia- | of heat | hot te Argand 


tion. | at 212°} plati- 


lamp, 
Se alcohol. 


2-9 | Rock salt coated with lamp-black | 20° | 13:00} 11:75} 11:75} 10-00 


2-9 | Rock salt coated with lamp-black | 25° | 14-25 | 13:75 | 13°50 | 12-00 
t 


29 1650] 16-25 | 13-75 


Rock salt coated with lamp-black | 30° | 16°75 


2-9 | Rock salt coated with lamp-black | 35° | 20:25 19:50| 19-25 | 16°50 

Thus the heat of the red-hot platinum and the flame of alcohol, the tempera- 
tures of which are undoubtedly different, radiate through the prepared rock-salt 
in the same manner, whilst the heat from the source at 212° F., conformably with 


Melloni’s discovery, passes through it better than that of the Argand lamp. 
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4, When the substances are inserted in their ordinary state 
before the thermal pile, the needle recedes to a point which 
it does not leave during the observation; whilst whenever they 
are coated with lamp-black, and thus become more heated by 
absorption, an increase of this deflection is perceived. 

Moreover, my results agree perfectly, as far as they are com- 
parable, with those of Melloni, who during his observations has 
convinced himself partly in the same way, that the heat emitted 
by the screens bears no proportion to that transmitted by them. 
A diffuse transmission cannot have occurred in the cases men- 
tioned, as the diathermanous bodies were all polished as highly 
as possible. 

Their thickness was a matter of no importance, since they 
were not to be compared with each other, but merely served for 
the investigation as regards the sources of heat. 


That the different form and size of the sources of heat which 
have been compared did not induce any differences in the trans- 
mission, has been proved by direct experiments; for it was 
found that when the needle of the multiplier was deflected to 
50° by direct radiation upon the pile, on introducing the red 
glass it receded to 21°°-25—21°, when either a Leslie’s cube the 
sides of which were 4 centim., 8 centim., or 15 centim. 7 millim., 
or a cylinder 17 centim. high and 3 centim. in diameter was 
used as a source of heat at 212° F. The direct deflection being 
50°, the same result of a return of the needle to 31°°5 was ob- 
tained, whether a small glass spirit-lamp or a large Berzelius’s 
lamp was used; and the same deviation of 37°°5, both for the 
small flame of a wax-light and for the large one of an Argand 
lamp. 

The following summary which contains the arithmetical means 
of every three observations, shows that this was also the case 
with other diathermanous bodies :— 


TABLE V. 
Deflection after the insertion by 

Thick Deflecti A Leslie’s cube of Acylind 
“in | Substances” | by creat | _—_ __, ———1ayy ant 
millim. aUEeriee radiation. ; : 15 centim. | high and 3 
4-centim. | 8 centim. | 7 :illim. centim. in 
diameter. 

15 Red glass ...... 50° 21:00 21:25 21-00 21:00 

1-4} Blucighass ..+...'| sve--- 20°50 | 20-25 20-25 20°50 

1-4 PVNYE® Seecoais conl | eeses 14:00 14°25 14:00 14°25 
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TaBLeE V. (continued). 


Deflection after the insertion by 


: Deflecti 
Thickness | Substances | by direct | Asmall | Feces | game ofa | ume off 

radiation. | flame of | Berzelius’s|  wax- Argand 
alcohol. lamp. candle. lamp. 
15 Red glass ...... 50° 31:50 31:50 37:50 37°50 
PANS Blue’ plass...c..) ie ekes 30:00 30:00 33°00 33:00 
1:4 LA FAT Basane sce he henoc 15°25 15:50 24-00 24:00 
15 | Red glass ...... er | 3942 | 39-70 | 45-20 | 45:30 
1:4 Blue glass...... | sess. 37°80 37°70 41-00 41-00 
1-4 AU ELC eee. oH Bo ces 23°92 | 23°42 32:92 33°00 


The deflection of the galvanometer-needle, produced by direct 
radiation, upon the constancy of which the accuracy of all the 
comparisons detailed depends, had been previously tested before 
the insertion of each diathermanous substance. 

Three only of the latter were used in succession in the in- 
vestigation with regard to the various sources of heat; so that 
the observations relating to them, each of which required a 
minute and a half or two minutes, never extended beyond a time 
during which all the conditions of the experiment could be con- 
sidered as sufficiently constant*. 

To preserve this uniformity as much as possible, the posi- 
tion of the thermal pile remained unchanged, whilst the source 
of heat was more or less approximated to it, until the constant 
direct deflection used for comparison was produced. The dia- 
thermanous bodies were always inserted at the same spot behind 
a diaphragm, and at a constant distance from the thermoscope. 


II. On the Heating of Bodies by Radiant Heat. 


It is a fact, which has been long known and proved by an 
extended series of observations— 

1. That different substances are heated to a different extent 
by the radiation of heat from one and the same source. 

2. That in every instance the extent of the increase of heat 
depends upon the structure of the surface. 

More recent experiments by Baden Powell and Melloni have 
shown— 


* For this reason the numbers in these, as well as in all the subsequent in- 
stances, should only be compared so far as I have brought them into relation 
with one another. 
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3. That one and the same body is not uniformly heated by 
rays of heat emanating from different sources, which exert the 
same direct action upon a thermoscope coated with lamp-black 
(see above, p. 188). I shall only select two very characteristic 
observations from those which I have made in regard to this 
point. 

When I coated a metallic disc on one side with carmine, on 
the other with lamp-black, and exposed it immediately before 
the thermal pile to the rays of an Argand lamp, in such a 
manner that the carmine side was towards the source of heat 
and the blackened one next the pile, it was found that when the 
direct deflection of the multiplier-needle by the Argand lamp 
amounted to 35°, that produced by the above arrangement 
amounted to 9°°5. Under the same circumstances, however, I 
obtained a deflection of 10°17, when, instead of a flame, I pro- 
duced radiation upon the carmine-surface from a metallic cylin- 
der at a heat below redness, which gave a direct deflection of 35°. 

When the metallic disc was covered with black paper instead 
of carmine, the magnetic needle was deflected by the heat from 
the plate placed before the thermal pile, in the first instance to 
10°75, in the second to 1012. 

Thus the carmine-surface is comparatively less heated by the 
rays from the Argand lamp than by those of a cylinder heated 
to 212° F., whilst with black paper exactly the contrary occurs. 
The following numbers, which refer to a greater direct deviation 
(each being the arithmetical mean of two observations), will show 
this still more decidedly :— 


TaB.eE VI. 
Deflection Deflection after the Deflection Deflection after the 
Subfadé iaseted aby be insertion with abt the, insertion with 
* rect ra- 1rec = 
and becoming | diation of | The The || diation of | ‘The The 
ee the source} Argand heated || the source| Argand heated 
of heat. lamp. cylinder. of heat. lamp. cylinder. 
Carmine ...... 35° 9:50 10°87 50° 13°75 15°62 
Black paper ... | 35° | 10-75 | 10-12 | 50° | 15-25 14-00 


Whilst from former observations the rays of heat emitted by 
sources haying a lower temperature appear almost invariably to 
be more capable of heating bodies than those at a higher tem- 
perature, it is clearly shown by the experiments we have just 


| 
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detailed, that this heating, the intensity of the heat received by 
radiation being the same, is perfectly independent of the tem- 
perature of its source, but is occasioned by the nature of those 
absorbing substances, which are more susceptible of some rays 
than of others. 

The influence of the thickness of the bodies exposed to the 
rays of heat upon their becoming heated has scarcely hitherto 
been investigated. Leslie remarked that metals of different 
thickness became heated to the same extent; but that wooden 
screens, which he placed before a heated cube, were less heated 
in proportion to their thickness. Thus his thermoscope indi- 
cated — 

20° behind a plate of pine-wood ith inch in thickness, 
15° to ae 3th a 
oe ove eos 1 eos 

Melloni also found, by means of the thermo-multiplier, that 
thick paper became less heated than thin. 

However, these experiments did not appear to me to decide 
the question— 

In what relation the heating of a body stands to its thickness ; 
which has therefore formed the object of the following investi- 
gation. 

Whilst in making the observations in the previous section I 
endeavoured to ascertain the influence exerted by the media 


. placed between the source of heat and the thermal pile when 


heated, upon the latter; in this case I took special care to make 
it as conspicuous as possible, and so that it acted exclusively upon 
the thermoscope. I therefore placed the bodies to be heated 
immediately before the latter, and furnished them on that side 
next the pile with a coating impervious to direct rays. 

The substances which I used in these experiments were colour- 
less transparent varnish, black, opake, but diathermanous lac, 
and white lead, which is usually regarded as adiathermanous. 
I placed these in layers of different thickness upon thin metallic 
dises in every respect alike. To improve the dispersion from 
the latter after it has become heated, I coated them on the sides 
next the pile with paper. Lamp-black would certainly have 
been more effective for this purpose ; but it is scarcely possible 
to lay it upon several plates in exactly the same manner, which 
would have been indispensable, because, as Melloni has shown, 
the dispersion varies with the thickness of the layers of lamp- 
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black. I therefore preferred the above coating, so as not to in- 
crease the delicacy of the apparatus at the expense of the accu- 
racy of the comparison. 

For the sake of completeness, I examined the heating of the 
substances mentioned, of unequal thickness by different sources 
of heat, applying for this purpose those which had always shown 
the greatest difference, viz. an Argand lamp and a metallic 
cylinder heated to about 212° F. 

Since besides lamp-black (p. 188) only metals (p. 206) absorb 
all kinds of rays of heat to the same extent, the substances 
mentioned for the present object could only be placed upon metal 
if it was required to observe their action after having become 
heated by different sources of heat, without the secondary in- 
fluence of the surfaces beneath, which in every other instance 
would have been disproportionately heated. 

Experiment yielded the following result:—When by direct 
radiation from an Argand lamp upon the thermal pile, a de- 
flection of 60° was produced in the needle of the multiplier, if a 
metallic plate was placed immediately before the thermoscope, 
with its polished surface turned towards the source of heat, 
whilst next the pile it was coated with paper, in a short time a 
constant deviation of 10°5 was produced, which arose from the 
metallic plate becoming heated. 

Thus the coated plate became more heated when the number 
of layers of varnish covering it was increased. 

When the flame was exchanged for the cylinder at a dark red 
heat, which produced the same direct deviation of 60°, and the 
uncoated metallic screen was again inserted at the spot already 
mentioned, the needle as before moved to 10°5. However, it 
was deflected to 17°5 when the metallic plate, covered with one 
layer of varnish, was exposed to the rays from the heated cylin- 
der, and to 20°75 when with eight layers of varnish. 

Thus in the latter case the heating was greater for each in- 
dividual plate than with the first ; and increased from that coated 
with a single layer of varnish to that with eight layers in a 
greater degree than in the experiment with the Argand lamp. 

The same phenomenon occurred with black lac and white 
lead. Thus, under exactly the same conditions, the heat com- 
municated from a metallic sheath coated with a thin layer of lac, 
when acted on by the rays of the Argand lamp, produced a 
deflection of 14°°5; that from the same, covered with a thicker 
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layer, 18°°12; and by the rays of the cylinder at a dark red heat, 
the first a deviation of 18°°62, the latter of 22°°12. It must here 
be taken into consideration, that the power which deflects the 
galvanometer-needle a certain number of degrees higher is greater 
than that which causes it to deviate the same number of degrees 
lower. 

The numbers found with the coating of white lead are given in 
the subjoined table, which also contains values for other thick- 
nesses of the bodies spoken of, and a different direct deflection 
from that mentioned (in each case the arithmetic mean of two 
observations) :-— 


TaBLeE VII. 
Deflection on inserting a metallic plate 
Coated with varnish, Coated with black lac. Coated ra 
Not 
coated. Thinnest} ,,., - Still Very . . 
1 coat. | 2 coats. }4 coats. |8coats.| coat Eerie thicker | thick oo pan 
possible. * coat. coat. 3 s 


Argand lamp. Deflection from direct radiation 35°. 
650 | 825] 825 | 825 | 825] 7:12| 825| 862| 950] 7:25| 8-v0 
Metallic cylinder at a dark red heat. 
6:50 | 9:00] 9:25] 950! 9:50] 9:12| 9-87 | 11-62 | 12:00] 8-75 | 9-62 
Argand lamp. Deflection from direct radiation 60°. 
10-50 | 14:50 | 15-12 | 15-62 | 15°75 | 14-50 | 16-25 | 17-37 | 18-12 | 16-12 | 18-50 


Metallic cylinder at a dark red heat. 
10:50 | 17°50 | 18-12 | 20-12 | 20-75 | 18-62 | 20-25 | 21-37 | 22-12 | 17-00 | 19-50 


The difierences which are thus rendered evident could only 
arise from the heat which is absorbed by the substances applied 
as coatings, and in this manner communicated to the metallic 
plates. It is thus shown, ¢hat the substances employed become 
heated, within the limits of this experiment, to a degree the 
extent of which is proportionate to their thickness. 

This observation is directly opposed to the experiments made 
by Leslie and Melloni upon other substances. Nevertheless, 
both are correct. The cause of this difference is, that in my 
experiments I have not yet attained the limit beyond which 
these earlier experimenters had already passed. For the con- 
nexion of the phenomena is as follows :—If we expose a body 
to rays emanating from a source of heat, those which are not 
reflected from its surface penetrate it, and impart heat to one 
layer after another, as long as they pass through it without 


210 KNOBLAUGH ON RADIANT HEAT. 


hindrance. Each of these layers then communicates its ca- 
loric by conduction and radiation to the neighbouring ones. 
The amount of heat imparted in this manner to any body there- 
fore increases in proportion as the number of the absorbing 
layers increases; but it attains its maximum as soon as these 
acquire a thickness beyond which the heat cannot penetrate 
either by radiation or conduction. 

In the series of experiments which has been detailed, the 
thickness was never so great but that every coat laid on became 
heated, and that the heat of all could act upon the metallic sur- 
face, which emitted the rays against the thermal pile by means 
of the paper covering; but in the experiments of Leslie and 
Melloni, the screens inserted (which were only diathermanous 
in the thinnest layers) were so thick, that a small portion only 
of the heat from their anterior surfaces reached the side next the 
thermoscope; and hence its action upon the latter must have 
been diminished to the same extent as this portion was weakened 
by increasing the thickness. 

The limit at which the heating of a body ceases to increase in 
proportion to the diminished thickness, is determined for one 
and the same source of heat by the substance, and for one and 
the same substance by the nature of the source of heat. We 
have reserved the more minute examination of this point in cer- 
tain cases for a future investigation. 

Melloni considered that it is impossible to detect the elevation 
of temperature which thin diathermanous plates experience from 
radiant heat, and therefore concluded indirectly regarding their 
becoming heated. In the experiments detailed, I succeeded in 
proving it by the direct method, and in experimentally confirming 
Melloni’s conjectures in a palpable manner, that the temperature 
of a body, when the thickness increases, is more raised the less it 
is diathermanous to the rays transmitted to it. Thus, as has 
been already mentioned, the observations contained in the table 
at p. 209 always show, in the case of the same body, with the 
cylinder at. a dark red heat, a greater increase in the heat. re- 
quired in proportion to the thickness than in the Argand lamp; 
whilst direct transmission has shown that the heat of the former 
is transmitted in a less degree than that of the latter by white 
varnish and black lac. 

That diathermanous bodies, as has hitherto been only sup- 
posed, in reality become most heated by those rays which pene- 


KNOBLAUCH ON RADIANT HEAT. 2B | 


trate them least, can also be proved by observation in colourless 
glass, which, as is known, is also less perfectly penetrated by 
the heat of the metallic cylinder than that of the Argand lamp; 
for a glass mirror 1°5 millim. in thickness, the rough metallic 
surface of which was turned towards the thermal pile, when acted 
upon by the rays of the former, produced a deflection of the gal- 
vanometer-needle to 12°25; by those of the lamp to 11°, when 
direct incidence from both these sources of heat had deflected 
the needle to 45°. 

It scarcely requires to be again mentioned, that this proof of 
diathermanous bodies becoming heated by radiation does not 
affect the results detailed in the first section, as it has been ex- 
perimentally shown (p. 203 and 204), that under the circum- 
stances in which the experiments on the transmission were in- 
stituted, it had no perceptible share in the production of the 
results. 


III. On the Property of radiating heat in Bodies. 


It is already known that different substances radiate heat at 
the same temperature in an unequal degree, and that this pro- 
perty, in one and the same substance, is dependent,—I1st, upon 
the structure of its surface; 2nd, upon its thickness. 

1. Although Leslie had previously expressed the view, that 
the hardness of bodies influenced their radiating power, Melloni 
first endeavoured to prove that the changes produced in the 
radiation of one and the same body by scratching its surface, 
could only be ascribed to the modifications of its hardness pro- 
duced at the spots concerned. 

He obtained the following deflections of the thermo-multiplier; 
by radiation from 


A silver plate, beaten out and polished . . . 10°0 
A silver plate, beaten out and scratched . . 18°70 
A silver plate, cast and polished . . . . . 137 
A silver plate, cast and scratched. . . . . 113; 


and found that in agate, ivory and marble, the degree of rough- 
ness did not produce any alteration in the radiation, a remark 
which had previously been made by Leslie with regard to glass, 
paper and lamp-black. Hence Melloni drew the conclusion, 
that more heat is always emitted when the scratching exposes 
softer parts of the radiating substance; less when it produces a 
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condensation of it; but that no change ensued in this respect 
when the hardness and elasticity of the surface were not modi- 
fied by the scratching. 

For the sake of convincing myself of the truth of this inter- 
esting law, which has not hitherto been further examined, [ 
made the following experiment :— 

I first caused a Leslie’s cube of 8 centim., which consisted of 
two cast and two rolled plates of lead, and was retained at a tem- 
perature of 212° by boiling water, to radiate its heat against the 
thermal pile placed at a constant distance from the heated sur- 
faces. The surfaces of the two pairs were too different for this 
experiment to have allowed of our concluding upon the con- 
nexion of the radiation with the hardness and density. I could 
not succeed in proportioning the two leaden plates of each pair 
so as to produce the same deflection of the thermo-multiplier by 
their radiation. At a certain distance of the heated surfaces 
from the pile, the radiation of one of the cast plates produced a 
deflection of the galvanometer-needle to 48°-25, that of the other 
to 49°; and the radiation from one rolled plate a deflection of 
51°, that of the other of 505. 

There was no question that lead becomes condensed at the 
shining mark made by drawing a steel instrument across it. In 
conformity with Melloni’s conclusion, therefore, the scratching 
must diminish the radiation of the surfaces of the lead, and 
this to a greater extent in that cast than rolled. This was 
confirmed by experiment. When that cast plate which had pro- 
duced the greater deflection of 49° was scratched, its radiating 
power was diminished so that it became equal to that of the 
other surface which radiated less perfectly. They now both pro- 
duced a deflection of the needle of 48°25 when at an equal 
distance from the thermoscope. When the longitudinally 
scratched leaden plate was covered with transverse stripes, its 
radiating power became still less. Retaining the same position 
to the pile, it deflected the galvanometer-needle to 47°25 only. 

Of the rolled plates, that which produced the deviation of . 
50°5 was scratched. The radiation was also diminished in this 
case, for it only caused the needle to deviate to 48°5. When 
the surface was scratched in both directions, the radiating power 
was increased to the extent of producing a deflection of 49°75 ; 
which might arise from the lead being condensed as before at 
the very portions scratched, but rendered less dense at those 
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points at which the raised margins of the furrows meet. This 
constituted a difference between the rolled and the cast plate, in 
which the transverse stripes also diminished the radiation. 

The following table contains the numbers which have been 
obtained in different experiments, each being the arithmetic 
mean of two observations :—— 


Tasue VIII. 


Ub Il. Hs Il. I. Il. I. II. 
Cast leaden plate ee = ee | es 
at 212°F, As before, but Scratch-| As before, but 
Smooth./Smooth.| | ares the pile. anes ed. nearer the pile. 


Deflection by di- 


Peckrddintion /:. 49°00) 41:00 | 41:00 |48-25\48-25 


} 34-62 | 34-87 (48-25 


Eh a Pee | Te op te ee | Il. 


Cast leaden plate tae Pomtcl- 
at 212° F, ose'Y | As before, but ain | As before, but 
Smooth. spre nearer the pile, ||/S™ooth. tes nearer the pile. 


tions. 


Deflection by di- 47°50|| 40:50 | 40-00 Koa gah 


rect radiation.. 


A 37-50 | 36-25 48-25 


ile 2. iB 2. ae 2. lie 2. 


Rolled leaden plate 
at 212°F, 


Scratch-| As before, but 
Bie a IO nearer the pile. 


As before, but 


Smooth./Smooth. nearer the pile. 


Deflection by di- 


meet radiation... 50°50) 42°25 | 41:00 | 51°00'43°50 


| 


35°25 | 34°62 | 51:00 


i oe | » | 2. Teche oad (talk | 2, 
Rolled leaden plate re ae 
at 212° F, Ose-Y | As before, but ed in As before, but 
Smooth. eae il nearer the pile. Smooth. aed nearer the pile. 


tions. 


Deflection by di- 


rect radiation.. 48:00) 42°50 | 40°00 |51:00/49:'75 


#} 41-00 | 39-00 | 51:00 


With the same object as that just stated, I made a second 
experiment. 

Melloni ascribes the increase which the radiation from a cop- 
per plate undergoes when the latter is scratched, to the circum- 
stance, that by this proceeding less dense portions would become 
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exposed. Were this the case, the difference in the radiation from 
polished surfaces and those scratched in both directions should 
diminish when, without altering their inequalities, these plates 
are coated with layers of the same metal of equal thickness. 
This may be effected by precipitating copper upon them by 
galvanism. To procure this coating as uniform as possible by 
the same electric current upon one polished and three roughened 


plates which I wished to examine, I had them so soldered together _ 


as to form the lateral walls of a cube, the scratched surfaces being 
turned inwards. This was filled with the cupreous solution, 
from which the precipitate was formed as usual after the galvanic 
process was commenced. When it had attained a sufficient 
thickness, the cube was soldered in such a manner that the 
surfaces, which were furrowed in both directions and had now 
become coated, were turned outwards. 

The next question was, whether the difference in their radia- 
tion was now less than in those plates which were not coated and 
had the same inequalities. 

This has been experimentally proved most distinctly. Thus, 
whilst the polished surface of the cube composed of ordinary 
rolled sheet copper, which before being coated was exactly the 
same as that already described, at a temperature of 212° F. pro- 
duced a deflection of 29°, and one of the sides of the same cube 
which was scratched in both directions a deflection of 47°°75 in 
the thermo-multiplier, the smooth surface which had been coated 
by galvanism at the same temperature and distance from the 
pile, deflected the needle to 49°25; that scratched, to 51° 5. 
In the first instance the difference amounted to 18°75; in the 
latter to 2°25. Certainly the difference between the amount of 
heat emitted by the smooth and the scratched plate might be 
equal in both experiments, and yet the difference in the deflec- 
tions produced by them be less the second time, when observed 
at higher degrees, than the first time. However, the great dimi- 
nution in this difference we have mentioned (from 18°75 to 
2°-25), could not be ascribed to this inequality in the indications 
of the instrument; for when the coated cube was removed so 
far from the pile that the radiation from its smooth surface de- 
flected the needle to 33°, the radiation from the scratched plate 
at the same place produced an indication of 35°°5 in the multi- 
plier. Thus the difference amounted to only 2°5, which is less 
than the deflections comprised in the first observation. Hence 


| 
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there is no doubt that the difference between the amount of heat 
emitted by a polished and a scratched plate of copper in reality 
diminishes when these surfaces are coated with a uniform layer 
of this metal. 

The following numbers (each consisting of the arithmetic mean 
of two observations, afforded by the radiation of differently en- 
graved plates in the cases which have been considered) will show 
this still more clearly :— 


TasBLe IX. 
Plates of ‘ 
Plates of rolled , having th 
Radiating surfaces. rolled copper- inequalities, but. Tested by ealvania 
plate at at 212° F, 
212° F. 
Deflection by direct radiation. 
DMN tecrs San vsesaneeessn-cccces 29:00 49°25 37:50 33°00 
Scratched longitudinally ......... 40:00 50°25 39°00 34:00 
Scratched circularly............... 42:50 50°87 39°50 85°50 
Scratched in both directions ... 47°75 51°50 39°50 35°50 
Distance of the plates from the pile in Rhenish inches. 
[ef s:25" fa 2a "| 800 | 9:00 


That the differences of the radiation by the galvanic precipi- 
tate were not perfectly equal is explicable; for it could not be ex- 
pected that the copper would be deposited with exact uniformity 
upon spots of unequal thickness. 

The experiments described have thus confirmed the position ad- 
vanced by Melloni, that the scratching of the surface influences 
the radiating property of bodies merely so far as it modifies their 
density and hardness, and that it increases or diminishes this ac- 
cording as it loosens or condenses the parts concerned. 

Moreover, the increase which the emission from the metallic 
surfaces acquires from the copper precipitated by galvanism may 
also be ascribed to the slight density of this coating in comparison 
with that of rolled copper. The amount of this is shown by the 
above table, especially in that example in which the heat emitted 
by the smooth rolled copper plate produced a deflection of 29°; 
that coated by galvanism, at the same temperature and the same 
distance from the thermoscope, a deviation of the needle of 
49°25. 

Oxidation of the metal, which as we know also increases the 
radiation, did not come into play in this phenomenon, because 
the copper cube was used for experiment immediately after being 
coated and whilst the deposit had a bright metallic surface. 
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Although it is shown that the density and hardness exert am 
influence upon the radiation of heat under the circumstances 
pointed out, of course it must not be understood that it is caused 
by them alone. In different bodies, in which various other rela- 
tions are simultaneously called into action, the property of emit- 
ting heat cannot, as Leslie has attempted, be referred to the 
hardness alone. 

2. With reference to the increase of the radiation im propor- 
tion to the thickness of the bodies laid upon a heated cube, I 
shall communicate two series of experiments, merely because 
they were made upon those substances which had yielded a 
greater heat with an increase in the thickness (see p. 209). They 
were colourless, transparent varnish, and black, opake diatherma- 
nous asphalt-lac. After painting them in layers in various num- 
bers or of unequal thickness upon a Leslie’s cube, which during 
the experiment had been retained at a temperature of 212°, their 
radiation upon the thermal pile produced the deflections of the 
multiplier contained in the following table :— 


TABLE X. 


Distance Coated with varnish. Coated with black lac. 


of it from 
Leslie’s cube |the tereal | ; sai 
at 212° F. pile in 7ery | Thick still hick t 
ekowt 1 layer. |2 layers./4 layers.'8 layers. fr layer. | coe lived 
Deflection | (12) 17:00 20-00 | 21-75 | 29:00) 19:50! 23-25 | 27-25 | 29:00 
by (8) | 24-00] 28-00! 30:50| 39-00| 29-00| 34-25! 37-00] 39-00 
direct (7) 26°50 | 30:25) 33-00) 40°50 | 32°75 37°25 | 41-00 | 43:00 


radiation. (6) 28°50 | 33:25 | 35°75 | 42°75) 40°50 43°25 46°75 | 48°75 


These differences are too considerable to render it necessary — 
to bring forward other examples. This phenomenon has already 
been correctly explained by Count Rumford, by assuming that 
the heat radiates from a certain depth beneath the surface; and 
Melloni, on the same principle, has given a satisfactory account 
of the whole process. 


If this increase in the radiation of bodies be compared with 
the increase in heating power under increasing thickness of the 
layers in action, which has been pointed out in the previous sec- 
tion (pp. 207 to 209), we find in it a new cause for the agree- 
ment of the radiation and absorption of heat. j 

On comparing these functions, however, it must not be over- 
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looked to what extent this is strictly admissible. It holds good 
unconditionally in the case of one and the same body; 7. ¢. all 
agents which increase or diminish its radiation, also increase 
or diminish its absorption, and vice versd. Thus scratching the 
surface of a substance increases both its radiating and absorbing 
power when it exposes softer parts of it, diminishes both when 
it condenses the same parts, and has no influence upon it 
when the hardness of the body is left unchanged. As we have 
seen, also, the radiating and absorbing power is increased to 
a certain extent by increasing the thickness of bodies, but is 
diminished by diminishing it. 

The comparison of the two phenomena does not however 
apply generally to different substances, 7. e. a body which, at a 
definite heating power, for instance, exhibits a higher radiating 
power than another, does not therefore possess a better absorp- 
tive power; for the proportion of the amounts of heat absorbed 
by it changes with the nature of the rays of heat which reach 
it; and also the quantities of heat emitted by them appear under 
different conditions to alter in a different manner. 

Melloni maintains that a substance which at a given tempera- 
ture (212° F.) emits more heat than another, always in the same 
proportion absorbs more than it when exposed to the same tem- 
perature (212° F.). However, it is a question whether this con- 
clusion is satisfactorily proved by the experiments of this distin- 
guished philosopher, because they merely refer to six bodies, two 
of which moreover (lamp-black and metal) absorb equally all 
kinds of calorific rays, and hence cannot enter into consideration 
in a question of the unequal absorption of heat emitted from 
different sources. 

The observations of Rumford and Leslie on this point are not 
conclusive, because they do not allow of an accurate comparison 
of different bodies in regard to the radiation and absorption of 
heat ; nor do those of Ritchie, which appear to prove the absolute 
similarity of the two phenomena, but in fact, as far as they are 
published, merely extend to lamp-black and metal; and we have 
already explained why in this case they cannot lead to a general 
conclusion. 

3. Those experiments which have hitherto been made do not 
give any explanation of a question the solution of which does 
not appear to me void of interest; it is this :— 

Does the radiating power of one and the same body vary ac- 

Q 2 
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cording as it is heated to a given degree ly rays from different 
sources of heat ? 

To decide this point, I coated thin paper, stretched upon a 
metallic frame, on both sides with lamp-bluck so thickly that 
direct transmission of the heat was impossible. When this was 
exposed immediately before the thermal pile to the rays of an 
Argand lamp or a metallic cylinder at 212° F., which produced 
the same direct deflection of the thermoscope, certain deflections 
of the multiplier were obtained, which were occasioned by the 
layers of lamp-black becoming heated on one side and their 
radiation upon the other. The effect of absorption was found in 
former experiments (pp. 188 and 189) to be the same in both 
cases; hence if these deflections corresponded with each other, 
the radiating power must also be the same in both cases. This 
was really the case. The needle deviated to 9°87, whether the 
rays of the Argand lamp or of the heated cylinder acted upon 
the blackened surface, provided that each of these sources of heat 
had produced the same direct deflection of 35° in the pile. 

The same result was obtained when carmine or black paper 
was caused to radiate upon the thermoscope; for when the 
former, with the blackened side next the source of heat, was ex- 
posed to the pile, an indication of 10°5 was obtained in the mul- 
tiplier, whether the heat was imparted by the flame of the 
Argand lamp or the dark source of heat; and when these sur- 
faces were replaced by black paper, which was also coated with 
lamp-black on the side next the heating rays, each time a devia- 
tion of 10°, or nearly so, was observed in the needle when the 
direct deflection amounted to 35°. 

It is thus shown that the radiating power of the bodies exa- 
mined is the same, be the calorific rays by which they are heated 
of ever so different kinds. 

The subjoined table contains the details of the observations 
(arithmetic means of every two numbers) :— 
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Tasue XI. 
Deflection | Deflection after the | Deflection] Deflection after the 
3 by insertion, produced by by insertion, produced by 
Surface inserted, and direct direct 
becoming heated for radiation Sil eae 
radiation. from the The The from the The The 
source of | Argand heated | source of | Argand heated 
heat. lamp. cylinder. heat. lamp. cylinder. 
Paper covered on 
each side with } 35° 9°87 9°87 50° 14:50 14°62 
lamp-black ......... J 


next the source of 35° 10-50 10:50 50° 15°50 15°50 


Carmine on the side 
Paar acess dendsce ces 


Black paper coated 


with lamp-black on e : . ; ; 
the side next the ab? 10-00 9°87 | 50° 14:12 | 14-25 


source of heat...... 


To make this experiment in a more direct manner, I heated 
the radiating bodies also immediately by the different rays. 

For this purpose I substituted a plate of charcoal for the paper 
coated on both sides with lamp-black, and obtained the same 
result as before. I placed carmine upon some wire-gauze, which 
had the effect of keeping its separate parts together. When 
it was exposed in this manner before the thermal pile to the rays 
of an Argand lamp or the metallic cylinder at 212° F., which 
produced the same direct deflection, in both cases different in- 
dications were given by the instrument. 

The question was, whether this difference was only to be 
ascribed to the unequal absorption of the different rays by the 
carmine-surface, or whether its radiating power was also con- 
cerned in it. 

I tried to convince myself of this by the following experi- 
ment:—If the carmine-surface next the pile is coated with 
lamp-black, whilst upon the other side the sources of heat men- 
tioned act upon it, the difference observed in the galvanometer 
arises solely from the carmine-surface absorbing the heat of the 
heated metallic cylinder to a greater extent than that of the 
Argand lamp; for, as we are aware, the radiation from the 
carbon-surface does not in this case produce any difference. 
But if the coating of lamp-black be removed, so that the carmine 
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is turned towards both the thermal pile and the source of heat, 
two things may happen. Lither the above difference in the de- 
flections remains constant in proportion to them: the radiating 
power, even with the carmine, then has no share in it; or it is 
altered: when the unequal radiation of the carmine-surface is 
proved to occur in both cases. If this, e.g. is increased, it 
would be a proof that the carmine-surface radiates comparatively 
better when heated by the metallic cylinder than when heated 
by the Argand lamp, for the same reason, perhaps, because it 
absorbs the former better than the latter. 

Experiment has decided in the first case; for the blackened 
carmine-surface placed next the pile produced a deflection of 9°°5 
when exposed to the rays of the Argand lamp, and of 10°87 
when exposed to those of the heated cylinder. The difference 
thus amounted to 1°37. The free radiating carmine-surface in 
the first case caused the same deflection in the needle of 95, in 
the second of 105. The difference of 1°-0 thus found with the 
same intensity of the deflections, the first being 1°37, is not 
greater than comes within the limits of error of observation. 

The same occurred on using black paper. Thus when it was 
coated with lamp-black on the side next the pile, a deflection of 
10°°75 was produced by the rays of the Argand lamp, and of 
10°12 by those of the heated cylinder; when the radiation was — 
free, in the case of the former a deflection of 10°62, of the latter 
of 9°87. In the first experiment the difference was 0°63, in 
the second 0°75. Both may be considered identical; and hence 
we must conclude that the radiating power of the black paper is — 
independent of the nature of the heat absorbed. 

The following table, in addition to the observations detailed, — 
which refer to a direct deflection of 35°, contains others for a — 
greater intensity of the sources of heat; these also yield the 
same results. (The numbers are each the arithmetic mean of 
two observations.) 
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TABLE XII. 


Deflec- | Deflection after Deflec- | Deflection after 

tion by | the insertion, Loss ee the insertion, ea 

the di- roduced b: ence be-| the di- roduced b ence be- 
. Siew “Seaman rect ra- F y tween | rect ra- y y tween 
inserte di ececine diation |__| = __ | the de- | diation|"_-_ —__; __ _| the de- 

heated for radiation. of the The The flec- of the The The fiec- 
source | Argand| heated | tions. | source | Argand| heated | tions. 
of heat.) lamp. jcylinder.| of heat.| lamp. jcylinder. 


Carmine blackened|| 350 | 9.50 | 10-87| 1:37 | 50° | 13-75| 15-62] 1-87 
next the pile ...... 


Carmine not blackened} 35° | 9:50 | 10°50} 1:00 | 50° 1362 15°12} 1:50 


with  lamp-black 35° | 10°75} 10-12] 0-63 | 50° | 15-25} 14:00] 1:25 


Black paper ick | 
next the pile ...... 


Black paper not coated | 35° 


10:62} 9:87 | 0:75.| 50° 15:50 1412 | 1:38 


Thus, under those circumstances in which the same bodies ex- 
hibit an unequal absorptive power, their radiating power is one 
and the same; and those differences which have hitherto been 
observed when they are not heated to the same extent, are there- 
fore pure functions of the former, and independent of the latter. 

In all cases therefore in which the elective absorption of cer- 
tain substances is to be determined from the amount of heat 
which they transmit to the thermoscope, it is a matter of in- 
difference whether they are coated with lamp-black (see p. 206), 
paper (p. 207), or any other substance, for the purpose of in- 
creasing their radiation upon the pile. Within the limits of the 
experiments detailed, there will therefore be no fear of disturbing 
the above differences by any foreign influence exerted by them. 


IV. Comparison of the Heat radiated from different bodies within 
a certain range of Temperature. 


All former observations upon radiation have only related to 
the quantities of heat emitted by different substances at certain 
temperatures. The object of the present investigation is to 
ascertain— 

Whether the heat which radiates from certain bodies, at one 
and the same temperature or within certain limits of temperature, 
is of a different kind, according as it is emitted by different bodies, 
or 1s excited in them in a different way. 
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We possess two means of judging of the dissimilarity or simi- 
larity of rays of heat, transmission and absorption. Thus we 
know that different kinds of heat permeate one and the same 
diathermanous substance differently (p. 191 and 203), or one 
and the same substance to an unequal extent (p. 206 to 207) ; 
whilst the same kind of heat does not admit of our recognising 
any differences in either the one or the other case. 

When there is a choice between the two means, that by trans- 
mission deserves unqualified preference, because it is a more deli- 
cate test-method than absorption. I at least have always found 
that the differences yielded by the transmission of different rays of 
heat through the same diathermanous media are always greater 
than those found by the absorptive method, and could often very 
readily perceive small shadows with the transmission when they 
were imperceptible by the absorptive process. 

Hence I have also endeavoured to decide the present question 
by observing whether the heat emitted in the different cases ra- 
diated through the same diathermanous bodies in a different or 
always in the same proportion. 

1. A number of adiathermanous substances were first heated 
to 212° F. by conduction, by placing them upon metallic cubes, 
which were kept at this temperature by boiling water. When 
it is required to examine the heat radiated from different sur- 
faces as regards its transmission through diathermanous bodies, 
the same deflection cf the thermo-multiplier must first be pro- 
duced by each of them before the insertion of the diathermanous 
media about to be used for experiment between the source of 
heat and the thermal pile. This object was attained by approxi- — 
mating or removing the former to such a position that the requi- — 
site deflection of the galvanometer-needle was produced. Expe- 
riment led to the following result:—When the heat from the — 
bare metallic surface had passed through a diaphragm, and 
acted upon the pile so as to deflect the needle of the multiplier 
to 35°, this was found to recede to 10°25 when red glass 1°5 
millim. in thickness was introduced behind the perforated screen 
by the side of the thermoscope. The deviation of 10°25 was 
produced by the heat which passed through the glass. The 
same deflection was obtained when, instead of the metallic sur- 
face, wood, porcelain, paper, lamp-black, white lead, or any other 
substance, had radiated upon the instrument. 

The same occurred in all other diathermanous substances. 
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Thus a deflection of 7°17 was observed each time a plate of cal- 
careous spar 3°7 millim. in thickness was substituted for the red 
glass, whether the direct radiation which deflected the needle to 
35° was produced by heated metal, wood, porcelain, paper, or 
any other substance. 

The appended table (which contains the arithmetic means in 
every case of three observations) shows how great the agreement 
was when the heat emitted by eleven adiathermanous substances . 
was examined by means of red and blue glass, rock salt, calca- 


reous spar and gypsum :— 
TABLE XIII. 


Deflec- | Deflection produced by the insertion of the substance 


Thick- tion pro- radiating at 212° F, 
ness in Substances duced by 
milli- inserted. direct 
metres. radia | Metal. | Wood. | 17° |Leather.| Cloth. | Paste- 
15 | Red glass ......... 385° | 10:25) 10-17 | 10°17} 10-17} 10°17} 10-25 
dea’) Blue glass......20. | ....0. 937-1) 9:08) 9:25) 9:17) ) 9:17) 9°25 
MPEMPATUN a. ccdesceess-: |\ksscss 3°92} 4:00} 3°83] 3°83) 3:92} 3-92 
ACA IGROCK'SAlE .2i.\sccce',|, seacde 20°58 | 20°66 | 20°66 | 20:58) 20°66! 20-75 
3°7 | Calcareous spar... | ...... GEN ee AOS ie eligi een geen gees 
1:4 | Sulphate of lime..| 35° 8:80|} 8-66) 8-75| 866) 880] 8-75 
Deflec- | Deflection produced by the insertion of the 
Thick- tion pro- substance radiating at 212° F, 
ness in pases ee by 
milli- inserted. irect, Black |Catmine L | whit Red Ve- 
rm radia | paper. | (hick | Diack. | lead. | Betian 
15 | Red glass 35° | 10:25] 10-08} 10°08} 10:17} 10-25 
1:4 | Blue glass.........] ...... 9:17| 9:17) 9:17] 9:17) 9:17 
14 | Alum: ...... Apr s| | Re 4:00] 3892] 3°83] 3°92) 3-75 
EAWAMROCKG SALE cocaees ce | soscers 20-66 | 20-58 | 20-50 | 20-66 | 20-58 
3°7 | Calcareous spar... | ...... 725) 7:17) 7:33) 7:17) 7-17 
1-4 | Sulphate of lime..| 35° 875| 875] 866] 875) 8-75 


Neither, as will be evident from the following table, could any 
difference be perceived in the transmission when the surface of 
the radiating bodies was modified by being scratched, although 
this had the most decided influence upon the quantity of heat 


emitted :— 
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TABLE XIV. 


Deflection produced by the following bodies radiating at 212° F., 
after the insertion 


Thick- 
ness in Substances Plates of tin. Plates of copper. 
milli- inserted. oe 
metres. Scratched | Scratched |‘‘Clouded’’ Engraved 
Bright. | longitudi- |in both di- by Smooth, |in both di- 
nally. rections. | scratching. rections. 
Deflection by direct radiation 35°. 
15 | Red glass ...... 10-00 10°25 10:00 10:25 10:08 | 10:17 
1-4 | Blue glass ...... 9:25 9:25 9-25 9°25 9:17 9:17 
Te Pohl tciiRooetenctesoe 3°75 4:00 3°92 3°79 3°92 3°83 
4-4 | Rock salt ...... 20°50 20:50 | 20°75 20°75 20°66 | 20:58 
3-7 | Calcareous spar| 7°25 7:00 7:00 7°25 7:33 lai 
1-4 | Sulphate oflime| 8°75 8°75 8:50 8:75 8°70 8:58 
Deflection produced by the following bodies radiating at 212° F., 
after the insertion 
Thick- 
ness in Substances Plates of lead. Discs of wood. 
milli- inserted. 
aid Smooth in both ai Smooth. | Scratched.| Rough — 
th. -| Smooth. | Scratched. 2 
a Pectione ; ons ‘ rough. 
Deflection by direct radiation 35°. 
1:5 | Red glass ...... 10°25 10°17 10°25 10:25 10-25 10°50 
1-4 | Blue glass ...... 9:17 oti 9-00 9-00 9:00 9°25 
1:4 | Alum............ 3°83 3°92 3°75 3°50 3°50 3°75 
4-4 | Rock salt ...... 20°66 20:75 | 20:50 20°75 20°75 20:50 
3:7 |Calcareous spar) 7°17 7:17 7:25 7°25 7:00 7:25 
1-4 |Sulphateoflime|} 8-70 8:80 8:75 8:50 8:50 8°75 


If we connect with this the result obtained above (p. 196 to 
202), according to which the proportion of the heat permeating 
diathermanous media is constant whatever the temperature of 
the radiating body may be (between 88° and 234° F.), it is evi-. 
dent that the heat which, within this range of temperature, is 
emitted by the most different adiathermanous substances, the 
structure of the surface of which is not uniform, when heated by 
conduction permeates in the same manner the diathermanous sub- 
stances used to test them. 

2. The next question was, how the heat radiated by the bodies 
would react as regards its transmission through diathermanous 
media, when heated, not by conduction, as in the first series 
of observations, but by the radiation of heat from differen 


sources. 
To ascertain this, I first exposed the substances used to radiate 
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the heat, to the rays of an Argand lamp (which, as before, was 
used without the chimney). The size of the screen which they 
formed was sufficient to protect the direct rays of the flame from 
the thermal pile, so that the latter was reached by those only 
which the heated bodies themselves emitted to it through the 
diaphragm. By withdrawing the latter or the lamp, it was easy 
to produce the constant direct deflection of 35° in the multiplier, 
which remained constant as soon as the screens had acquired a 
maximum temperature corresponding to the conditions, the 
proper temperature. Of course this point must be waited for, 
before the diathermanous substances are inserted on the side of 
the diaphragm next the pile. 

The radiating adiathermanous bodies, all of which were in 
discs 11 centim. in diameter, were in general the same as in the 
first experiments—metal, wood, porcelain, leather, cloth, &c. 
The black paper, as also that covered by carmine, were coated 
on one side with lamp-black. A third piece was blackened 
on both sides. A net-work of metal was coated with white 
lead and red Venetian lac. The transmission of the heat 
emitted by them gave the same result as before. On this occa- 
sion a recession of the needle from 35° to 10°-10°33 con- 
stantly occurred when the red glass, and from 35° to 7°08-7°°17 
when the plate of calcareous spar was inserted between the 
heated screen and the thermoscope, of whatever the former was 
composed. 

The following table shows how perfectly the observations 
in this series of experiments agree with those of the first 
(p. 223) :-— 


TABLE XV. 


, Deflec. | Deflection produced by the following bodies heated 
Thick- tion by by the Argand lamp to produce the radiation. 
Pact Substances inserted. direct 
metres. enal | Metal. | Wood. os Leather.| Cloth. ae 

15 Red glass ............ 35° | 10°17} 10:17} 10°17; 10:25! 10:33] 10-08 
Been lie glass............ | «2.0» 9:08} 9:17] 9:25) 908] 9:08} 9:17 
BUIENIEN oseon se capberacs | cxaies 3:92| 3:70; 400) 3:92) 400) 3:92 
ra| Rock salt .........000 seseee | 20°66 | .20°75 | 20°66 | 20:58 | 20°66 | 20-66 
37 | Calcareous spar...... | ...+++ TAP Parag | dela) FF | FAT | OAS 
1-4 | Sulphate of lime ... | 35° 875) 875| 866 875| 883) 875 
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TaBLeE XV. (continued). 


Defiection produced by the following bodies heated 
by the Argand lamp to produce the radiation. 


Lamp- Lamp- 

: Deflec- | biack on | black on Deflec- 
Thick- nee tion by | the side | the side tion pro- 
mess at Subs vail direct | next the | next the | Lamp- Red | duced 
milli- TOSeees radia- | source of | source of | black | White | Vene- |after the 
metres, : tion. |heat,black| heat, car- |on both} lead. tian insertion! 

paper on | mine on | sides, lac. by the 
that next | that next Argand 
the pile, or| the pile, or lamp. 
vice versd, | vice versd. 
1:5 | Red glass ...... 35° 10:25 10-25 | 10-25) 10:00} 10:08} 22-00 
1-4 | Blue glass ......| sss 9°25 9:25 9:25) 9:17) 9:08} 17-50 
V4 VAVUME vores. | csoeee 3°92 3°92 3:92} 3:92) 4:00) 8:50 
4:4 |Rock-salt ......| ....-+ 20°58 20-58 | 20-75 | 20:58) 20:58) 28:00 
3:7 |Calcareous spar | ....-. 7:08 717 717| 7:08) 7-08] 20-00 
1-4 |Sulphate oflime| 35° 8°83 8°66 875| 875| 866) 15-00 


These numbers likewise remain unaltered when the adiatherma- 
nous bodies above mentioned are heated by the metallic cylinder at 
212° instead of the Argand lamp, although according to the 
former experiments (pp. 204, 205, 206) the rays from these two 
sources of heat are essentially different from one another. 

The subjoined table (the numbers in which, as in the former, 
are each the arithmetic means of two observations) will prove 
this beyond a doubt :— 

TaBLe XVI. 


Deftec- |Deflection produced after the insertion by the following 
Thick- tion by bodies heated for radiation by the hot metallic cylinder. 
ness 11! Substances inserted. direct | 


milli- radia- 
metres. Fane Metal. | Wood. lain, 


Borce- Leather.} Cloth. Hae 


a | | a | a | 


15 | Red glass ........+... 35° | 10°25! 10-00} 10:25 | 10:00) 10:17} 10:17 
1-4 | Blue glass......--s00+ | seeee 9:17 | -9:25| 9717 | 9°17.) S9:OSeS oa 
L:4 | Alum........cccseecvee | cocces 4:00} 3:92) 4:00] 3:92] 4:00} 3°83 
4-4 | Rock salt ......... econ achenee 20-66 | 20:66 | 20-66 | 20-66 | 20°66 | 20°75 
3:7 | Calcareous spar...... | ..-++. Q17| 7:08) 7:17) 7:25) <7:25) 7-17 
1-4 | Sulphate of lime ... 35° 8:66} 883] 883] 875] 866) 866 
Deflection produced after the insertion by the following 
bodies heated for radiation by the hot metallic cylinder. 
Lamp- Lamp- Deflec- 
mhick| Paes donnie 
aces Bubstances direct | next the | next the | Lamp- Bed) seren 
milli- inserted radia- | source of | source of | black | White | Vene- |, Pro 
THELEES. tion. |heat, black} heat, car- |on both| lead. tian cused by 
paper on | mine on | sides. lac. of el e 
ieee pes metallic 
aseperen B Ssetee, eylinder. 
15 |Red glass ...... 35° 10°25 1017 | 10-25] 10:08) 10:08} 10-16 
1-4 | Blue glass ......| -.-+.- 917 9-25 9:25] 9:17| 9:08} 9-18 
M4 AAT 5 sneeiesene)| naennes 3°92 4:00 400} 400! 3°83] 3:95 
4-4 |Rock salt ......] 00. 20°66 2058 | 20°75) 20:58) 20:66 | 2066 
3-7 | Calcareous spar | ...... 7:08 7°25 7°25| 7:25) 7:33) 7:20 
1-4 | Sulphate oflime| 35° 8:83 8 66 875) 875| 883| 875 
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In this case, as before (p. 196 to 202 and 224), it was a matter of 
indifference whether the radiating substances became heated in 
a higher or less degree; for the portion of heat which passed 
through the diathermanous substances remained the same whether 
the direct deflection of 35° was produced by placing the disc to 
be heated nearer the source of heat and further from the ther- 
moscope, or nearer the pile and at a greater distance from the 
source of heat. 

It is thus evident from these observations, that the heat radiated 
by different bodies always passes through the diathermanous media 
used in their investigation in the same proportion, be the rays of 
heat, by the absorption of which they are heated, ever so different. 

When in these researches the object was to investigate 
the transmission of the heat emitted from certain bodies by 
the substances used for examining them, diathermanous bodies 
of course could not be used as the heating agents in the method 
described; for when they were placed, as in the previous ar- 
rangement of the apparatus, between the original sources of heat, 
e.g. the Argand lamp and the thermoscope, not only the heat 
from the flame radiated by them, but also that passing abrongh 
them reached the pile. 

Experiments of this kind could not therefore aid in deciding 
the question especially under consideration; but they were 
adapted to test the accuracy of the method itself, used for ascer- 
taining the identity or dissimilarity of certain rays of heat. 

Thus in the manner pointed out, a number of rays were ob- 
tained which differed in their capability of passing through dia- 
thermanous bodies*, and the proportion of which to each other 
was dependent upon the nature of the body in which they ap- 
peared. Such a mixture of different kinds of heat, according as 
_ it belonged to the one or the other substance, must therefore per- 
meate the media under investigation to an unequal extent. 

The next question was, whether these differences in the trans- 
mission, which were pre-supposed by theory to exist, would also 
be perceptible in red and blue glass, alum, rock salt, calcareous 
spar and sulphate of lime, in cases in which they were only ad- 
mitted to be small. 

The experiment simply consisted in placing a slightly diather- 
manous body, e. g. a plate of ivory 1°7 millim. in thickness, on 
that side of a perforated screen next which the Argand lamp 


* Compare in Table XV., p. 225 and 226, the deflections for the heated 
bodies after the insertion with those for the Argand Jamp. 
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was placed, and approximating the latter to it until the deflection 
of 35° was produced by the combined action of the rays emitted 
from and passing through the ivory plate. As soon as the needle 
had rested at this point, the diathermanous substance to be 
tested, e.g. the red glass, was introduced on the opposite side of 
the diaphragm before the thermal pile. We were already aware 
that the rays from a body below 212° F., which had directly de- 
flected the needle to 35°, after their transmission through red 
elass produced a deflection of 10°-10°-25, and that of the Ar- 
gand lamp, with the same direct action, after their transmission 
through the glass, a deflection of 21°75 (see Table XVII. and 
p- 229). Thus when a portion of these rays joined the former 
so as conjointly to produce a direct deflection of 35°, if the me- 
thod was sufficiently delicate, the instrument under these cir- 
cumstances should indicate a different deviation from 10°25 
when the red glass was inserted in the same spot. This was 
really the case. A deflection of 13°°62 was produced. 

The same result was obtained in every other instance. Thus 
it amounted to 16°75 when ivory was replaced by black opake 
lac, and even 11°62 when a metallic plate perforated with two 
needle-holes was used instead of this. 

The less the first diathermanous screen interrupted the heat 
which the second transmitted, the higher the deflection ought to 
be after the insertion. Thus with the same red glass the needle 
only receded to 27°°5 when the first screen consisted of colour- 
less glass 1°9 millim. in thickness. 

The following table represents the great differences which also 
occurred in the case of the other diathermanous media. (It con- 
tains the arithmetic means of every two observations.) 


TABLE XVII. 


Defleckon afterth Deflection after the insertion when 
insertion, Seotiicell Wey the pape: by the 
Deflec- 
Thick- tion pro-|The rays of 
ness in Substances duced by) heat of an 
milli- inserted. direct | adiather- | The rays Metal Ivory 
metres. radia- | manous ofthe | pierced by Silk cloth. | }'7 millim. 
tion. | substance} Argand | two needle EOE in 
between lamp. holes. thickness. 
88° and 
212°F. | 
15 | Red giass ...... 35° 10:12 21-75 11-62 19:00 13°62 
1-4 | Blue glass ......) ...... 9-22 18°60 10°47 15:10 12°35 
1:4 | Alum .c....000... |) cseaee 3°92 8°67 5°55 7:55 4:92 
4-4 | Rock salt ......] ..coce 20-62 29°50 21:37 26°25 22°25 
3:7 | Calcareous spar} ...... 7:22 20°10 Lee 16°60 11-60 
1-4 | Sulphateoflime| 35° 8-75 15°75 9°37 13°37 11:88 


aan 
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TaBLeE XVII. (continued). 


Deflection after the insertion when the first screen is 
formed by the following substances :— 
Deflec- 
tion pro- Pa 
: per i 
mk. Substances inserted. (uced by age k coated with a ta ee Sal 
metres. radia- ae lle ts ceria 0°5 millim.) 2°0 millim.! 1°9 millim. 
tion. reas Sees in in in 
thickness. ae thickness, | thickness. | thickness. 
15 | Red glass ...... 35° 18:50 17:25 16°75 19-00 27°50 
1-4 | Blue glass ......| ...... 15:60 13°85 13:97 16°85 21:60 
eee ANI cet co ese |\vae case 8:30 7:55 3°92 4°42 11-80 
AA’ | Rock salt ...2.5| ...-0. 27°25 24°50 24-00 26°75 31-25 
3-7 | Calcareous spar | ...... 15-22 15°35 13°85 13°10 26°85 
1-4 | Sulphateoflime| 35° 14:00 14:00 12-75 10°62 21°37 


Hence no doubt remains in my mind that differences would 
also have been evident in the previous experiments had any 
existed. 

If, instead of the Argand lamp, a metallic cylinder below 
234° F. be used, all these differences should again disappear ; 
for the rays from the substances placed before it, as also the heat 
emitted by the cylinder itself, pass through the diathermanous 
bodies in the same manner (see Table XV.) ; and it must there- 
fore be a matter of indifference as regards the radiation, in what 
proportion they are mixed together, according as they issue at 
one or the other plate. 

The following numbers (the arithmetic means of two observa- 
tions) confirm this : — 


TasLe XVIII. 


Deflection after the insertion when 
the first screen is formed by the 
following substances :— 


Deflection after the 
insertion, produced by 


Deflec- 
tion pro-|The rays of, 
Substances duced by| heat of an 
inserted. wae adiather- The ae ; Sew Ivory 
a- | ma t . ‘7 millim. 
"tion. aiiceaaee socal Paoneals Silk cloth. | "7 = 7 
between lamp. holes. thickness. 
88° and 
212°F. 
Red glass ...... 35° | 1022 | 10:10 | 9:97 | 10:22 | 9-97 
IME PASS eee sn) 526° 9°20 9-20 9°32 9°32 9-20 
HELD ccepreonsns |n vances 3°92 4:05 3°92 3°92 3°80 
Rock salt ......| ..... . | 2065 | 2065 | 20-77 | 20-77 | 20:52 
Calcareous spar | ...... 7:00 7-00 712 7:25 7:00 


Sulphateoflime| 35° 8:70 8-82 8°82 8°82 8°95 
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TaB_LeE XVIII. (continued). 
Deflection after the insertion when the first screen is 
formed by the following substances :— 
Deflec- 
Thick- tion pro- Paper 
a Substances inserted. gucety arte coated with area ba Pepe Oe ene 
metres. radia- |e im| O'1g (075 millim.| 2° millim.| 1°9 millim. 
tion. e covtiesg 5 i i in 
thickness. ares = dhicknesn, thickness! thickness. 
15 | Red glass ...... 35° 10:10 10-10 9°85 10-10 10:10 
Abas || Blnere lass g.<ces\|r<o ss 4< 9-20 9:07 9:20 9°20 9°20 
MASS WANT wet sa dsceeiliics snes 4:05 3°92 3°80 3°92 4-05 
APA \Rockasalte ide-cse)\uescese 20-77 20°65 20°77 20°65 20:52 
3:7 | Calcareous spar | ...... 7:00 7:00 7:12 7:00 712 
1-4 | Sulphateoflime| 35° 8-82 8:82 8:70 8-70 8°82 


A constant deviation of the needle of from 9°°85 to 10°22 is 
now obtained on inserting the red glass, and of from 7° to 7°25 
on introducing the calcareous spar, be the screen of whatever 
substance it may, provided that the direct radiation of the heat 
emitted by it and that permeating it has produced a deflection 
of 35°. The same applies to blue glass, alum, rock salt and 
gypsum. All these different values, however, as far as they are 
related, merely vary within the errors of observation. 

The same result is obtained on heating the above diatherma- 
nous bodies by conduction to a temperature below or at 212°, by 
placing them upon a metallic cube heated to this temperature by 
boiling water. 

The numbers found accurately agree in this, as in the previous 
case, with those which were formerly obtained for diathermanous 
substances (compare Tables XIII., XIV., XV. and XVI.). To 
illustrate the comparison, we have annexed one of them in the 
following table (it contains the arithmetic means of every three 


experiments) :— 
Tasuie XIX. 


Deflection preduced after the insertion by the 
q following bodies radiating at 212° F. 
Thick- Sub Deflection 
ness in. eo ities by direct |An adia- Ivory | Letter | Car- | Black 
milli- ayychs baci radiation. | ther- | Silk 1:7 | paper | mine, | opake 
peice manous| cloth. | millim.| 0:05 | thin’ |glass 2°0 
subst. thick. | millim.| layer. | millim. 
15 | Red glass ...... 35° 10°08 | 10:17 | 10:17} 10-08| 10-08; 10:25 
1-4 | Blue glass ......]  -... 9-17| 9:25] 9:17) 9:25] 9:17] 9:25 
Wed | Alumin... cen | sonnel 3°83} 3:92) 3:83] 400] 3-92) 3:83 
A-4 \WRock Salt | ......,| ~ se-ese 20-50 | 20:58 | 20-66 | 20-66 | 20:58 | 20-66 
3:7 |Calcareous spar} ...... (30!) #25) 7°25 | 7°20 | aes 
1-4 |Sulphateoflime| 35° 8:70) 875) 880} 875} 875| 8-75 


—* 
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TaBLe XIX. (continued). 


Deflection produced after the insertion by the 
following bodies radiating at 212° F. 


Thick- , 
ness in Substances Deflection Black lac, Colourless glass. 
milli- inserted. ee 
metres. i : F 11 1°6 aD 3'0 
= whieks millim. | millim. | millim. | millim. 
layer. | layer. | ‘thick. | thick. | thick. | thick. 
15 | Red glass ...... 35° 1-05 | 10:25 | 10:08} 10:17 | 10°17 | 10-17 
1A Blue glass ......,| ~.2... 9:08] 9-17} 9-25} 9:17] 9:17] 9:17 
Ee ARENT ron oh cease), ssc 3°92| 3:92) 4:00} 4:00} 4:08) 3:92 
Aca ROCK Salt !......|  ises«s- 20:50 | 20:66 | 20-58) 20:50} 20°75 | 20-66 
3°7 |Calcareous spar| ...... TAG NS CLF) 72036 G00 F085 Tels 
1-4 |Sulphateoflime} 35° 8-75| 880} 880) 875) 875) 870 


Thus the heat emitted by adiathermanous and diathermanous 
bodies, within the limits of these experiments, passes through 
media used for testing them in exactly the same manner. Hence 
(as is also evident from the values given) it ts a matter of indif- 
Serence whether the radiatiny substances (e.g. black lac or white 
glass) are of a greater or less thickness. 

I have yet to detail my reasons for considering as diatherma- 
nous the bodies last examined, in which, when acted upon by 
the Argand lamp, I found differences in the transmission 
through red and blue glass, alum, rock salt, calcareous spar and 
gypsum (see Table XVII.). 

No one will hesitate to admit that hese directly penetrates 
colourless glass and the pores of silk-cloth; but it might be a 
matter of doubt whether a transmission in its true sense, although 
only diffuse, could be admitted to occur in perfectly opake glass 
and lac, or in a layer of carmine, paper and ivory. That this is 
really the case, the following investigation will prove. 

If any body, except soot and metal (see p. 188, 189 and 
206), be placed successively before the blackened thermoscope 
to the rays of different sources of heat, e.g. an Argand lamp 
and a metallic cylinder heated to 212°, which directly exert 
an equal action upon the instrument, it indicates different 
degrees. his difference in the indications may either arise 
from the substance inserted being adiathermanous, and becoming 
unequally heated when under the influence of different sources 
of heat, or that it is diathermanous and allows of the passage of 
various kinds of rays to an unequal extent; or, lastly, that the 
effects observed upon the thermoscope are partly produced by 
the screens becoming heated, partly by the rays which pass 
through them. 
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In the present case it all depends upon our satisfactorily con- 
vincing ourselves of the share taken by the latter. For this pur- 
pose the substances introduced were blackened on the side next 
the thermoscope, and thus the transmission, if any occurred, 
was prevented. The differences which occurred on inserting 
the body under examination, could now only be ascribed to its 
becoming unequally heated. If it were adiathermanous, these 
differences, even when the coating of lamp-black is removed, 
remain the same, as we have previously (p. 220, 221) seen in a 
thick layer of carmine and with black paper. If however it is 
diathermanous, then by the access of the transmitted heat various 
kinds of changes occur, which are best illustrated by the expe- 
riments themselves. 

When the needle of the galvanometer was deflected to 40° by 
the direct action of the source of heat, on inserting the black 
glass coated with lamp-black next the thermal pile, in conse- 
quence of its becoming heated, it stood at 12° when the Argand 
lamp, and at 11° when the dark cylinder radiated upon it; 
whilst in the first case it deviated to 16725, when the coating of 
the lamp-black was removed, the deflection in the second case 
remaining the same. Thus the difference in the indications with 
the different sources of heat, amounted in blackened glass to 1°, 
in that uncoated to 5°25. This is an infallible proof, that on 
removing the layer of lamp-black transmission occurs, which 
acts in the same manner as absorption with regard to difference 
of the deflections. 

On introducing the black lac, the different sources of heat pro- 
duced an equal action upon the instrument as long as it was 
blackened upon the side next the latter, but a different one when 
the coating was removed. This difference however can only be 
attributed to the transmission of the heat which is now per- 
mitted. 

When the thin layer ef carmine coated with lamp-black was 
inserted, the needle receded from 40° to 17°37 when the former 
was exposed to the rays of the lamp, and to 21°25 when ex- 
posed to those of the metallic cylinder. On removing the coating 
of lamp-black, it remained the first time at 19°63, and the 
second at 19°°87. The difference previously observed, arising 
from the unequal heating, now disappears by a compensation of 
transmission and absorption; this being less in the case of the 
heat of the flame than in that of the heated cylinder, the former — 
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less for the rays of the cylinder than for those of the Argand 
lamp. 

With Jetter paper the difference in the indications produced 
by the removal of the lamp-black becomes reversed. Thus, 
whilst by heating the paper coated next the pile with lamp- 
black with the rays of the flame, a deflection of 18°37 was found, 
and with those of the dark cylinder 21°13; in the uncoated one, 
in the first case it amounted to 22°25, in the last to 20°5. On 
this occasion transmission also occurs, which acts in opposi- 
tion to the heating, and preponderates to such a degree, that it 
not only overcomes the influence of the unequal absorption, but 
even produces a change of the difference to the other side. 

This also occurred with ivory, as may be seen from the fol- 
lowing table, which contains the details of the observations 
(arithmetic means of every two) :— 


TABLE XX. 
Defiec- Deflection after the insertion of 
tion by 
the si Black gl Black 1 P d with 
rect ra- ack glass lack lac aper coated with car- 
Source of heat. | o:3tion | 2°0 millim. thick. 0°5 millim. thick. |mine 0°15 millim. thick. 
of the 


source Not 
of heat, | Blackened. iinened: BASS teceeaes: Blackened.| jj ackened. 


Argandlamp.| 35° | 1062 | 1475 | 1275 | 15-75 | 1475 | 1675 
ESS es } 875 | 950 | 1263 | 1325 | 17-75 | 1687 
Argandlamp.| 35° | 12:00 | 1625 | 1437 | 1937 | 17-37 | 19-63 


Metallic cylin-|...... : f : ; 95 K 
ee: } 11-00 | 11-00 | 14:37 | 1463 | 291-25 | 19-87 
Deflec- Deflection after the insertion of 
tion by 
the di- Hae ; 
‘ 2 etter paper vor 
Source of heat. | Tirtion| 9-05 millim. thick. | 1:7 milliny thick. 
of the |_———_——____—_— 
hes oe Blackened. mee a, | Blackened. bl roe ae 
Argand lamp..| 35° 15°63 19-25 8°75 10°37 
Metallic cylin-)...... : On : 6 
der at 212°F....... echoes en “oak pies 
Argand lamp..| 35° 18°37 | 22-25 10:00 11:87 
Metallic cylin-|...... 91-12 90- : : 
der at 212° F...... } asi. (5 i eh Wig te 


These changes of the difference of the thermoscopic indica- 


tions on removing the coating of lamp-black would not occur in 
~ adiathermanous bodies. 


Hence it is proved that black glass, black asphalt-lac, a thin 
R 2 
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layer of carmine, post paper and ivory were in fact diathermanous 
under the conditions pointed out. 

Thus the great differences which occurred on transmission 
through red and blue glass, alum, rock salt, calcareous spar and 
sulphate of lime (see Table X VII.), when these substances were 
exposed to the rays of the Argand lamp, arose merely from the 
heat being transmitted by them, and not from the circumstance 
that that emitted by them would be transmitted by the above 
media in a different proportion. 

3. From the following numbers it is evident that also the heat 
evolved by the vital process, e.g. that radiated from the hand, is 
transmitted by diathermanous media in the same manner as 
those previously examined* :— 


TaBLe XXI. 


Deflection Deflection after the insertion of 
by direct 
radiation Red Blue 
of the {glass 1°5) glass 
sources of | millim. 14 
heat. thick. | millim. 


Sources of heat. Alum | Rock | Calca- |Sulphate 


14 salt reous | of lime 
say: 44 spar 3°7 14 
millim: | yillim. millim. | millim. 


An adiathermanous body, 
between 88° and 212°F.| > 35° 10:12} 9-22 | 3:92 | 20:62] 7:22 | 8-75 
(See Table XVII.) ...... 

The hand, between 84° I 35° 
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If we connect with this the fact, that the radiant heat of dif- 
ferent bodies (with the same intensity) also heats one and the 
same substance to the same extent as it passes through one and 
the same diathermanous one in the same way, the final result of 
these observations is, That the heat emitted by the most different 
solid bodies of unequal thickness and dissimilar structure of their 
surface, which have as yet been examined, as far as our present 
means allow, has been proved to be of the same kind, in whatever 
way, within the limits of these experiments (i.e. between 88° and 
234° F.), it may be excited in them. 

Taking into consideration this fact, according to which a body 
always emits heat of the same kind, be the rays which heat it ever 
so different (see especially p. 225 to 227), the remark made in 
the first section appears explicable, that its radiating properly, 
which is the cause of the quantity of this heat, is one and the 
same under these altered circumstances (p. 217 to 221). 


* This also disproves the opinion of Forbes, that the heat emitted by boiling 
water and the hand must be considered as different. 
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This result is of some interest as regards the determination of 
the specific heat of bodies. Thus, if ice in the calorimeter 
absorbs the heat radiated by different substances, even within the 
limits of temperature stated, unequally, z.e. a greater or less 
portion of a constant amount of heat, according as it emanates 
from one substance or the other, the quantity of ice melted 
would not constitute a pure quantity for the amount of heat 
radiated by different substances, upon the calculation of which 
the whole determination rests. 

The results communicated moreover lead to a new method of 
ascertaining whether any substance transmits rays of heat or not. 

In the first investigations on this point the diathermancy of 
certain substances was considered to occur when, on inserting 
them before a source of heat, effects upon the thermoscope were 
obtained which could not arise from the introduced media, either 
because these had been made imperceptible to the instrument, 
or because these effects were diminished by the means which 
increased the absorption (see p. 191 and pp. 203, 204). 

This method however presupposes a certain intensity of the 
transmission, and would not have been applicable, e. g. in cases, 
as those previously considered (p. 228 to 234), in which small 
quantities only of radiant heat were concerned. For these I 
therefore made use of the method already described (p. 231 to 
234), 7. e. I examined first the effects on the inserted substances 
of absorption alone with different sources of heat, by impeding 
the direct transmission of the heat by a coat of lamp-black, then 
produced the transmission, and then concluded from the effects 
observed whether in fact it arose from absorption or not. 

The new method, which yields nothing to the former in delicacy, 
has the advantage of not requiring the substance to be coated 
with lamp-black. It will be most easily illustrated by an example. 

Suppose it was required to be ascertained if ivory is diather- 
manous or not. 

To decide this, a plate of any substance known to be adia- 
thermanous, as wood, pasteboard or charcoal, is heated by the 
rays of an Argand lamp in such a manner that the radiation 
upon the pile through a diaphragm produces a certain deflection, 
e.g. of 35°, in the multiplier. A diathermanous substance is 
then inserted before the thermoscope on this side of the perfo- 
rated screen. The needle then recedes, e.g. with red glass 1°5 
millim. in thickness to 10°25. The ivory plate is subjected to 
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the same proceeding as the adiathermanous surface. It is placed, 
as regards the Argand lamp and the thermal pile, in such a 
manner, that, as before, a deflection of the needle to 35° is pro- 
duced, which in this case may possibly arise from heat of the 
flame which passes through it, as well as from the ivory plate 
becoming heated. The question then is, if the rays of heat, 
which under such circumstances have deflected the needle to 
35°, will permeate the diathermanous substance in the same pro- 
portion as that previously emitted by the adiathermanous sur- 
face, i.e. whether now also, e.g. on inserting the red glass, a 
recession of the needle to 10°25 is obtained. If this is the case, 
and occurs in the same way in all other diathermanous media 
used for testing, e.g. also with blue glass, alum, rock salt, cal- 
careous spar and gypsum, the ivory plate is adiathermanous; 
for then only, as we know (p. 225 and 226), do we find no dif- 
ference in this respect. But if, the second time the rays of heat 
do not pass in the same manner as before through the diather- 
manous bodies, we obtain in the case of a single one only a dif- 
ferent deflection after the insertion as before, it is a proof of the 
diathermancy of the plate of ivory. Experiment gave 13°°62 on 
inserting the red glass, and similar differences with other dia- 
tiermanous substances (Table XVII.). Ivory is thus diatherma- 
nous. The criterion for deciding the question is therefore briefly 
this :— 

“Tf the heat which impinges upon the plate under examina- 
tion, when exposed to an Argand lamp, cannot by transmission 
be distinguished from the heat of any other known adiatherma- 
nous body, the plate itself is adiathermanous. If differences do 
occur, it is diathermanous.” 

This position could not be instituted until it was known that 
the peculiar heat of different substances did not produce the same 
differences. 

The temperature of the bodies compared of course should not 
be allowed to exceed 234° F. 

That it is not a matter of indifference whether in this investi- 
gation an Argand lamp or any other source of heat is used, 
may be seen from the experiments detailed in Table XVIIL., 
in which adiathermanous and diathermanous bodies could not 
be distinguished from one another, on exchanging the Argand 
lamp for a metallic cylinder at 212° F., the general method of 
proceeding being the same. 
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“ Or, the substance might also first be exposed to an Argand 
lamp, and then to a heat of 212° F., and it be ascertained whether 
rays of heat in both cases escaping to it permeate the diatherma- 
nous media in the same or a different way. In the first case it 
would be adiathermanous (compare Tables XV. and XVI. toge- 
ther), in the second diathermanous (compare together Tables 
XVII. and XVIII.).” 

Thus we have in reality obtained a new and certain means of 
deciding the question of the diathermancy of a subsiance, and are 
in a condition for greatly increasing its delicacy, since there is 
no further need of protecting the thermoscope from the heat of 
the substance under investigation; and the source of heat 
may thus be allowed to act upon it to as great an extent as we 
please. 
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ARTICLE VI, 
Memoir on Double Refraction*. By M. A. Fresnevt. 


[From the Mémoires de l’ Académie Royale des Sciences de l'Institut de France, 
tom. vil. 1827. ] : 


Introduction. 


HUYGENS, guided by an hypothesis founded on the theory of 
waves, was the first to recognise the true laws of double refrac- 
tion in uni-axal crystals. This discovery was perhaps more dif- 
ficult to make than any of Newton’s on the subject of light; and 
what seems to prove this is, that here Newton, after fruitless 
attempts to discover the truth, fell into error. When we con- 
sider how greatly his curiosity must have been excited by the 
phenomenon of double refraction, we cannot suppose that he 
gave less attention to it than to other optical phenomena, and 
one is necessarily surprised at seeing him substitute a false rule 
for the construction of Huygens, as accurate as it was elegant ; 
a construction with which he was no doubt acquainted, because 
he quotes his treatise on Light. But what appears still more 
inconceivable is, that the accuracy of Huygens’s law was unac- 
knowledged for more than a hundred years, although it was 
supported by the experimental verifications of this great man, as 
remarkable perhaps for his good faith and modesty, as for his 
rare sagacity. If we ventured to offer an explanation of this 
singular trait in the history of science, we should say that the 
considerations drawn from the theory of waves which had guided 
Huygens, led probably the partisans of the emission system to 
suppose that he could never have arrived at the truth by a false 


* The Editor is indebted to Alfred W, Hobson, B.A,, St. John’s College, 
Cambridge, for the translation of this memoir. 

+ The three memoirs, the substance of which is comprised in the present 
one, were successively presented to the Institute on the 26th Nov. 1821, the 
22nd Jan. 1822, and 22nd April of the same year. In uniting them, the 
arrangement of the matter has been changed, and considerable suppressions 
made; but nothing essential has been added to the new facts and theoretical 
views which they contained. To the latter only have been given some deve- 
lopments necessary for their comprehension; and it has been deemed useful to 
insert in this memoir a complete demonstration of the transversal direction of 
the luminous vibrations, because on this point depends the theory of polariza- 
tion and of double refraction. This demonstration has already been published 
in the Bulletin de la Société Philomatique for October 1824. 
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hypothesis, and prevented them from reading his treatise on 
Light with the attention which it deserved. 7 

Amongst modern philosophers, Mr. Young is the first who 
suspected the law of Huygens to be correct: it was by his ad- 
vice that Dr. Wollaston verified it by numerous and precise 
experiments. Scarcely was the result of these experiments known 
in France, when Malus occupied himself with the same re- 
searches, and found, as Dr. Wollaston had done, the law of 
Huygens in perfect numerical accordance with all the measures 
given by observation. M. de Laplace, considering double 
refraction in the emission-point of view, made a skilful applica- 
tion of the principle of least action to the calculation of the ex- 
traordinary refraction. He found that the motion of the lumi- 
nous molecules undergoing this refraction might be explained 
by supposing them to be repelled by a force perpendicular to — 
the axis of the crystal, and proportionate to the square of the 
sine of the angle which the extraordinary ray makes with this 
axis: whence it follows that the difference between the squares 
of the velocities of the ordinary and extraordinary rays is pro- 
portional to the square of the same sine. 

This result is only the translation of Huygens’s law into the 
language of the emission system. The calculations of M. Laplace 
have not thrown any light on the theoretical question ; for they 
do not show why the repulsive force emanating from the axis 
should vary as the square of the sine of the inclination of the 
extraordinary ray to this axis; and it is extremely difficult to 
justify this hypothesis by mechanical considerations. 

In fact, the same polarized ray undergoes the ordinary or ex- 
traordinary refraction in a rhomboid of calcareous spar, according 
as its plane of polarization is parallel or perpendicular to the 
principal section of the crystal; it must be then the lateral 
fronts of the beam, or the parallel faces of the luminous mole- 
cules composing it, which alone determine, by the difference of 
their properties or physical relations, the nature of the refraction ; 
two of these fronts must be subject to the repulsive influence of 
the axis, and the two others insensible to it. We must suppose 
also the same absence of action on the anterior and posterior 
faces of the luminous molecules, since on simply turning the ray 
round itself, and without changing the direction of these latter 
faces, we withdraw it from the repulsive power of the axis. But 
the lateral faces of the luminous molecules are not less exposed 
to the repulsive force emanating from the axis and acting per- 
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pendicularly to its direction, when the ray is parallel to the axis, 
than when it is perpendicular to it; and one does not see why 
this action should be nothing in the first case, whilst it attains 
its maximum in the second. 

If, leaving aside all inquiry into the mechanical cause of this 
singular law, it be considered as a necessary consequence of 
facts in the emission system, we are then embarrassed by other 
difficulties. According to this system, a beam of ordinary light 
is composed of molecules whose planes of polarization are turned 
in all azimuths: experiment, moreover, shows that the direction 
of the plane of polarization of an incident ray does not change 
abruptly at the moment when it penetrates into the crystal, but 
gradually and after having traversed a sensible thickness, much 
greater in general than that to which must be limited the sphere 
of activity of the ordinary and extraordinary refraction, or the 
limits of the curved portion of the trajectory. This being 
established, in a beam of ordinary light, there can only be a very 
small portion of rays having their planes of polarization exactly 
parallel or perpendicular to the principal section: those of 
nearly the whole of the luminous molecules will be found distri- 
buted through all the intermediate azimuths. Now, if the repul- 
sive influence of the axis is nothing on a ray polarized parallel 
to the principal section, and if it makes itself felt with its full 
energy when the ray is polarized in a perpendicular direction, 
this repulsive force must vary gradually for the intermediate 
directions, from the first, where it is nothing, up to the last, 
where it attains its maximum. Thus, since the molecules which 
compose the direct light are polarized in an infinite number of 
different azimuths, they would be found subject to repulsive 
forces of different intensity; therefore their trajectories on 
entering the crystal ought to undergo different inflexions. In 
order for them not to be sensibly affected by the differences of 
intensity which the diversity of the planes of polarization of the 
incident rays must cause in the repulsive energy of the axis, 
it would be necessary that this action, as well as the refract- 
ing power of the medium, should be sensible at much greater 
depths than that to which the luminous molecules preserve 
nearly the same plane of polarization. Now, it is exactly the 
contrary which is most probable; for the thickness of crystal 
necessary to change the plane of polarization is too sensible, 
especially in certain cases, to allow of our admitting that the 
curved portion of the trajectory of the luminous molecule extends 
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so far; this curve, and the definitive direction of the refracted 
ray, must therefore vary according to the azimuth of the 
plane of polarization of the incident ray. Thus, on following 
this hypothesis into its consequences, it would be found that the 
light, instead of dividing itself simply into two rays, ought to 
separate itself into a multitude of rays, distributed according to 
all the inclinations comprised between the extreme directions of 
the ordinary and extraordinary beam. 

The theory here combated, and against which many other 
objections might be brought, has not led to a single discovery. 
The skilful calculations of M. de Laplace, however remarkable 
for an elegant application of mechanical principles, have taught 
nothing new on the laws of double refraction. 

Now, we do not think that the assistance to be derived from 
a good theory is to be confined to the calculation of the forces 
when the laws of the phenomena are known; it would contribute 
too little to the progress of science. There are certain laws so 
complicated or so singular, that observation alone, aided by 
analogy, could never lead to their discovery. To divine these 
enigmas, we must be guided by theoretical ideas founded on a 
true hypothesis. The theory of luminous vibrations presents this 
character and these precious advantages; for to it we owe the 
discovery of optical laws the most complicated and most difficult 
to divine; whilst all the other discoveries, numerous and im- 
portant no doubt, which have been made in this science by 
experimenters adopting the emission system, are much rather 
the fruit of their observation and sagacity, commencing with 
those of Newton, than mathematical consequences deduced from 
his system*. 

The theory of vibrations, which had suggested to Huygens 
the idea of ellipsoidal waves, by means of which he has so 


* For the labours of Newton and M. de Laplace I entertain the most lively 
and sincere admiration ; but I do not admire equally all which they have done; 
and I do not consider, for instance, as many persons do, that Newton’s ‘ Optics’ 
is one of his chief titles to fame. It contains many grave errors, and the truths 
comprised were much less difficult to discover than the mechanical explanation 
of the celestial motions. What a difference, in fact, between the so-easy ana- 
lysis of light and that profound glance by which Newton saw that the precession 
of the equinoxes was occasioned by the oblateness of the earth! It is his im- 
mortal ‘ Principia’ and the discovery of the method of fluxions which have 
placed him in the first rank of geometers and natural philosophers. But how- 
ever great the intellectual superiority of so prodigious a man, he is not the less 

‘subject to error; it cannot be too often repeated, Errare humanum est. Nothing 
can be more fatal to the progress of science than the doctrine of infallibility. 
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happily represented the movement of extraordinary rays in uni- 
axal crystals, has led us to the discovery of the true laws of 
double refraction in the general case of bi-axal crystals. Un- 
doubtedly an important part of these laws was already known ; 
Sir David Brewster and M. Biot, by numerous observations and a 
skilful use of analogy, had already succeeded in discovering the 
law of the direction of the planes of polarization of the two 
beams and of their difference of velocity ; but they were mistaken 
with regard to their absolute velocities, in supposing that of the 
ordinary ray to remain constant, as in uni-axal crystals. The 
experiments made by M. Biot on topaz to verify this hypothesis, 
had not presented to him any sensible difference in the refraction 
of the ray termed “ordinary ;” but we are no longer surprised 
that these variations escaped the attention of so accurate an 
observer, when it is known how small they are in almost all 
directions except those in which they attain their maximum, and 
which could not be indicated but by theory or a lucky chance. 

The mechanical considerations on the nature of luminous 
vibrations and the constitution of doubly refracting media, which 
I have set forth in the Annales de Chimie et de Physique, tom. 
xvii. p. 179 et seg., have enabled me at the same time to explain 
the changes of the extraordinary refraction and the constant 
velocity of the ordinary ray in uni-axal crystals. 

I soon perceived that the reason which I had assigned to my- 
self for the uniformity of the velocity of the ordinary ray in uni- 
axal crystals was not applicable to crystals with two axes; and, 
constantly following the same theoretical views, I perceived that 
in these latter neither of the two rays ought to be subject to the 
laws of ordinary refraction. This is exactly what I verified by 
experiment, a month after having announced it to M. Arago. 
I did not indeed present to him this result of my reflections as a 
thing certain, but as a consequence of my theoretical views so 
necessary, that I should be obliged to abandon them if experi- 
ment did not confirm this singular character of double refraction 
in bi-axal crystals. The theory did not announce to me in a 
vague manner the variations of velocity of the ordinary ray ; it 
gave me the means of deducing their extent from the elements 
of double refraction of the crystal, that is to say, from its degree 
of energy and the angle between the two axes. I had made 
beforehand this calculation for limpid topaz, according to data 
derived from the observations of M. Biot. The experiment 
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agreed in a satisfactory manner with the calculation ; or, at least, 
the difference which I have observed is sufficiently small to be 
attributed to some inaccuracy in the cleavage of the crystal or 
the direction of the rays, and perhaps also to some slight dit 
ference of optical properties between my topaz and those of 
M. Biot. 

But before entering into the detail of these experiments, I 
shall endeavour to exhibit clearly the reasonings which have led 
me to it. In this memoir I shall follow the synthetical method. 
I shall first explain the mechanical theory of double refraction ; 
and afterwards make known the observations and calculations 
which have enabled me to verify it, and which form in some sort 
its experimental demonstration. 


Mechanical Theory of Double Refraction. 


This theory rests on two hypotheses, one relative to the nature 
of the luminous vibrations, and the other to the constitution of 
the media possessing the property of double refraction. According 
to the first, the luminous vibrations, instead of being performed 
in the direction of the rays themselves, as has been generally 
supposed by those who have applied the wave system to optics, 
are perpendicular to the rays, or, more strictly speaking, parallel 
to the surface of the waves. According to the second hypo- 
thesis, the vibrating molecules of doubly-refracting media do not 
exhibit the same mutual dependence in all directions; so that 
their relative displacements will give rise to different elasticities 
according to their directions. 

This second supposition has nothing in it but what is very 
probable; it is more general than the contrary supposition, 
namely that which makes the mutual dependence of the mole- 
cules, or the elasticity, the same in every direction. If there 
are many bodies which do not present the phenomena which 
ought to follow on this supposition, it is no doubt generally 
owing to the compensation of opposite effects produced by the 
molecular groups being turned in all directions. With regard 
to the hypothesis as to the nature of the luminous vibrations, it 
appears at first much more difficult to admit, because one does 
not easily see how transversal vibrations are capable of indefinite 
propagation in a fluid. 

Nevertheless, if the facts which already furnish so many pro- 
babilities in favour of the wave system, and so many objections 
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against that of emission, compel us to recognise this character 
in the luminous vibrations, it is safer to trust ourselves here to 
experiment than to the notions, unfortunately too incomplete, 
hitherto presented to us by the calculations of geometers on the 
vibrations of elastic. fluids. Before showing how we may con- 
ceive the propagation of these transversal vibrations in an elastic 
fluid such as that by which light is transmitted, I must prove 
that their existence becomes a necessary consequence of facts as 
scon as the system of waves is admitted. 

When M. Arago and myself had remarked that rays polar- 
ized at right angles always produce the same quantity of light 
by their reunion, whatever be their difference of route, I thought 
that this particular law of the interference of polarized rays 
might be easily explained by supposing that the luminous vibra- 
tions, instead of pushing the ztherial molecules parallel to the 
rays, caused them to oscillate in perpendicular directions, and 
that these directions were at right angles to each other for two 
beams polarized at a right angle. But this supposition was so 
contrary to the received ideas on the nature of the vibrations of 
elastic fluids, that I was a long time before adopting it entirely ; 
and even when the assemblage of facts and new reflections had 
convinced me that it was necessary to the explanation of the 
phenomena of optics, I waited till I had assured myself that it 
was not contrary to the principles of mechanics before sub- 
mitting it to the examination of philosophers. Mr. Young, more 
bold in his conjectures and less confiding in the views of geo- 
meters, has published it before me (although perhaps he thought 
of it after me); and therefore the priority belongs to him with 
regard to this theoretical view, as on many others. It was the 
experiments of Sir David Brewster on bi-axal crystals which led 
him to think that the vibrations of light, instead of being executed 
longitudinally, in the direction of the rays, might in truth be 
transversal, and similar to the undulations of an indefinite cord 
agitated by one of its extremities. It was, at any rate, on the 
occasion of Sir David Brewster’s observations that he published 
this hypothesis, that is to say three years after the discovery of 
the particular characteristics of the interference of polarized rays. 
Resting on the first law of interference of these rays, I shall en- 
deavour to prove that the luminous vibrations are performed 
solely in a direction parallel to the surface of the waves. 


On 
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Demonstration of the exclusive existence of Transversal 
Vibrations in the Luminous Rays. 


It was in 1816 that M. Arago and myself discovered that 
two beams of light, polarized in planes at right angles to each 
other, no longer exert any influence on each other, in the same 
circumstances in which rays of ordinary light present the phe- 
nomena of interference; whilst, as soon as their planes of polar- 
ization approach each other a little, the dark and bright bands 
resulting from the concourse of the two beams reappear, and 
become by so much the more distinct as these planes are brought 
nearer to coincidence. 

This experiment teaches us, that two rays polarized in per- 
pendicular planes always give by their reunion the same in- 
tensity of light, whatever be the difference of the paths which 
they have run over, starting from their common source. Now, 
from this fact, it necessarily results that, in the two beams, the 
vibrations of the ztherial molecules are performed perpendicu- 
larly to the rays and in rectangular directions. To demonstrate 
this, I shall first call to mind, that in the rectilinear oscillations 
produced by a small derangement of equilibrium, the absolute 
velocity of the vibrating particle is proportional to the sine of 
the time reckoned from the origin of the motion, the duration of 
a complete oscillation answering to a whole circumference. If 
the oscillation is curvilinear, it may always be decomposed into 
two rectilinear oscillations perpendicular to each other, to which 
the same theorem will apply. 

In the luminous wave produced by the oscillation of the illu- 
minating particle, the absolute velocities animating the molecules 
of zther are proportional to the corresponding velocities of the 
illuminating particle, and therefore also to the sine of the time. 
Moreover, the space described by each of the elementary dis- 
turbances of which the wave is composed is proportional to the 
time; and as many times as this space contains the length of an 
undulation, so many entire oscillations have been performed 
since the disturbance set out. If therefore (7) represent the 
ratio of the circumference to the diameter, (¢) the time elapsed 
since the origin of the motion; if also (A) denote the length of 
an undulation, and (#) the space described by the disturbance 
in order to reach the point of ether which we are considering ; 
the absolute velocity with which this point is animated at the 
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end of the time (¢) will be represented by a.sin 2 7 (1 ~) s.s(at) 


being here a constant coefficient proportional to the amplitude 
of the oscillations of the ztherial molecules or to the intensity of 
their absolute velocities*. This being established, let us con- 
sider one of the two interfering rays. Whatever be the direc- 
tion of the absolute velocity of the etherial molecule, we may 
always decompose this velocity at each instant in three constant 
directions at right angles to each other; the first, for example, 
being the direction of the normal to the wave, and the other 
two perpendicular to this being, the one parallel, the other per- 
pendicular, to the plane of polarization. By the general prin- 
ciple of small motions, we may consider the oscillations per- 
formed by the ztherial molecule, of whatever nature they may 
be, as resulting from the combination of three series of recti- 
linear oscillations whose directions coincide with these three 
rectangular axes, oscillations which, for the greater generality, 
we shall suppose to have commenced at different epochs. 

Call (¢) the time elapsed since a common epoch, and repre- 
sent by (w), (v) and (w) that which must be added to (¢) to ob- 
tain the whole time reckoned from the origin of the motion in 
each of the three modes of rectilinear vibration ; then the abso- 
lute velocities belonging to the instant we are considering will 


be 
: x 
a.sindn (+ a 


b.sin 2m (v + i—=), 


¢.sin 2m (w + =) 


a, b and c being constant coefficients, which denote the intensity 
of the absolute velocities in each system of rectilinear oscillation. 

Now let us consider the second polarized ray, and decompose 
its absolute velocities in the direction of the same rectangular 
axes. If we represent by (2) the path which it has passed over 


* A demonstration of these formule, and a more detailed explanation of 
their usage, will be found in the AZémoires de l Académie des Sciences, tom. v. 
Those readers who are not familiar with the theory of luminous waves, may 
first study its elementary principles in an article on light in the supplement to 
the French translation of the fifth edition of Thomson’s ‘Chemistry.’ [This 
article has been translated by Dr. Young in Brande’s ‘Quarterly Journal of 
Science’ for Jan. 1827 and following numbers.—Tr. N.] 
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to arrive at the same point, we shall have similarly for the three 
components referred to the instant (¢), 


! sin 2 (u' — es 

@.sin2a ps +t i 
: a! 

Y.sinae (v +2—©), 


o.sin 22 (wl 42-2 , 


These three velocities having respectively the same directions as 
the preceding, it is sufficient to add them in order to have their 
resultants, which gives— 


af 
a.sin2x(u+¢—2) +a\.sinda (a! +1¢—2), 


b.sin2a(v + ¢— =) + .sinan (ov 44-2), 


; 12 rah de (w _ #\ 
e.sin 2m (w +1 *) 4 sine w +t a 


If we transform each of these expressions so that it may con- 
tain only one sine, according to the method indicated in my 
Memoir on Diffraction (Mémoires de 2 Académie ‘des Sciences, 
tom. v. p. 379), we find that the square of the constant coefficient 
multiplying this sine is, for each of these respectively, equal to 


| z 
Bs i 
a* + al? + 2 aa! .cos 2m (u—u! + ey 


ye 
6? + Bf? + 2 Bb! .cos 2x (v— x! =p u x =) 


I 
1 ee bg 
ce? + cl + Qed .cos 2% (w—w! + ep ye 


Now it is the square of the constant coefficient of the absolute 
velocities which represents, in each system of vibrations, the in- 
tensity of the light, which is always proportional to the sum of 
the vires vive; and as these velocities are at right angles to 
each other, it is sufficient to add the three preceding squares to 
have the total sum of the vires vive resulting from the three 
systems of vibration, that is to say, the intensity of the whole 
light. 

Experiment shows that this intensity remains constant, what- 
ever variations are undergone by the difference (v' — x) of the 
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paths described, when the two interfermg beams have their 
planes of polarization perpendicular to each other. 

Thus, in this case, the sum of the three foregoing expressions 
remains the same for all values of (2! — 2). We must therefore 
have 


! 
a: 
a+ 42 4a? 4 O24 e+ 2adcoste (u—al + = ) 


1 — 
+ 26U.cos2x( vv +=—*) + 2cc!.cos2a (w—w +" r; *) =C, 


an equation in which the only variable is (x' — 2). 

Now, since this equation must be satisfied whatever be the 
value of (a! — 2), it is clear that all the terms containing (a! — 2) 
must disappear, since otherwise we should obtain from the equa- 
tion particular values of (x! — x). Therefore we have 

aa = 0; GG. = 0; cc. = 6, 

The two polarized beams which interfere differ only in the 
azimuths of their planes of polarization ; that is to say, if we turn 
one of them about its axis so that its plane of polarization may 
be parallel to that of the other, these two luminous beams will 
present in every direction exactly the same properties ; they will 
be reflected and refracted in the same manner and in the same 
proportions at the same incidences. We must therefore admit 
that if one has no vibratory movements perpendicular to the 
waves, no more has the other. Now (a) and (a’) are the con- 
stant coefficients of the absolute velocities normal to the waves 
in these two beams; and since aa! = 0, which requires that we 
have at least a = 0 or a! = 0, we must conclude from this that 
both (a) and (a!) are equal to zero. 

There cannot therefore be in polarized light any other than 
vibratory movements parallel to the surface of the waves. 

Let us now consider the other two equations, 44! = 0 and 
cc! = 0, which contain the constant coefficients of the velocities 
perdendicular to the rays, or, more generally, parallel to the 
waves: (0) is for the first luminous beam the component parallel 
to its plane of polarization, and (c) that which is perpendicular 
to it; whilst for the second, (b') being parallel to (4), is perpen- 
dicular to the plane of polarization, and (c’) is parallel to it: thus 
(d') and (c') are respectively for the second beam that which 
(c) and (8) are for the first. Therefore, according to the remark 
just made on the perfect similitude between the properties of 
the two interfering beams, if in the former 4 = 0, in the second 
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c' will be nothing; or if it is the component (c) which is nothing 
in the former, (d') in the second will equal zero. Thus we must 
conclude, from the two preceding equations, 
&= 0 and c= 0;0r c= 0 and t= 0; 

that is to say, that in each of the two beams there are only vibra- 
tions parallel or perpendicular to its plane of polarization. 

When we have explained the mechanical causes of double 
refraction, we shall show that these vibrations are perpendicular 
to the principal section in the ordinary ray, that is to say, to the 
plane which it has been agreed to call the plane of polarization. 

Having demonstrated that in polarized light the ztherial mo- 
lecules cannot have any vibration normal to the waves, we must 
suppose that neither does this mode of vibration exist in ordi- 
nary light. In fact, when a beam of ordinary light, faliing per- 
pendicularly on a doubly-refracting crystal, is divided into two 
polarized beams, they no longer contain vibrations normal to 
the waves. If then there were any such in the incident light, 
they must have been destroyed; whence there must have been 
a diminution of vis viva, and therefore a weakening of the light, 
which would be contrary to observation; for, when the crystal 
is perfectly transparent, the two emergent beams, when reunited, 
reproduce a light equal to that of the incident beam, if there be 
added to them the small quantity of light reflected at the faces 
of the crystal. Now, we cannot suppose that it is into this small 
quantity of light that the vibrations normal to the waves have 
betaken themselves, since on causing it to traverse the crystal it 
could also be transformed almost entirely into two polarized 
beams, where we are certain that this kind of vibration does 
not exist. It is therefore natural to suppose that ordinary light 
also contains only vibrations parallel to the waves, and to con- 
sider it as the assemblage and rapid succession of a multitude of 
systems of waves polarized in all azimuths. According to this 
theory, the act of polarization does not consist in the creation of 
transversal vibrations, but in the decomposition of these vibra- 
tions into two fixed rectangular directions, and in the separation 
of the rays resulting from this decomposition. 


Theoretical Explanation of the Laws of Interference of 
Polarized Rays. 
According to what we have just said concerning the nature of 
the vibrations of polarized rays, it is clear that they cannot pre- 
8 2 
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sent the phenomena of interference, except so far as their planes 
of polarization are parallel or approach to parallelism. When 
these planes are perpendicular, the absolute velocities of the 
ztherial molecules are also perpendicular to each other; if, 
therefore, at each point of the common direction of the two rays 
we wish to obtain the resultant of the two velocities impressed 
by them on the molecule of zther, we must take the sum of the 
squares of the two velocities; this will be the square of the 
resultant. The same calculation applies to all the points of the 
two systems of waves, whatever may be in other respects their 
difference of route; thus the sum of the squares of the absolute 
velocities impressed on the etherial molecules by the union of 
the two systems of waves will always be equal to the sum of the 
squares of the absolute velocities caused by each of the luminous 
rays; or, in other words, the intensity of the whole light will 
always be equal to the sum of the intensities of the two inter- 
fering rays, whatever may be their difference of route. Variations 
therefore in this difference cannot produce those alternations of 
brightness and obscurity which are observed in ordinary light, 
or in rays polarized in parallel directions. The ease with which 
our hypothesis explains the first law of interference of polarized 
rays is then seen; and this is what might be expected, since 
it was from this law itself that we have derived it. 

We may regard it as sufficiently established by the demon- 
stration just given; but it will not be without use to show that 
the same hypothesis agrees quite as well with the other laws of 
interference of polarized rays which become the immediate con- 
sequences of it. These theoretical developments on the proper- 
ties of polarized light will not appear out of place in an essay 
on double refraction, and will moreover find their application in 
the memoirs which we intend to publish afterwards on the colours 
of crystalline plates. | 

When the interfering luminous beams have their planes of | 
polarization parallel, their vibratory movements have the same — 
direction, and therefore are added to each other along the whole 
course of the rays if the difference of route is nothing, or equal 


to an even number of semi-undulations ; and are subtracted one 


from the other when the number of semi-undulations is uneven. — 
In general, to obtain in this case the intensity of the light — 
resulting from the concourse of the different systems of waves, — 
we may use the formule already cited from my Memoir on Dif- 
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fraction, which have been calculated on the supposition that the 
vibrations of the interfering rays were performed in a common 
direction. 

I come now to the third principle of interference of polarized 
rays. When two portions of a luminous beam, which had at 
first the same plane of polarization, PP’, receive a new polariza- 
tion in two different planes, OO! and EE’, and are afterwards 
brought back to a common plane 
of polarization, SS! or TT’, their 
agreement or disagreement answers 
precisely to the difference of the 
routes described, when the two 
planes of polarization OC and E'C, 
starting from the primitive direc- 
tion CP, after having been sepa- 
rated one from the other, approach 
each other afterwards by a contrary 
movement so as to reunite in CS; but 
when the two planes CO and CE! continue to widen their distance 
from each other until they become situated one on the pro- 
longation of the other, in CT and CT’ for example, it is no 
longer sufficient to take into account the difference of paths de- 
scribed ; it is necessary also to change the signs of the absolute 
velocities of one of the interfering beams by giving a contrary 
sign to their constant coeflicient, or, which comes to the same 
thing, adding a semi-undulation to the difference of paths 
described. 

It is easy to see the reason of this rule. In order not to com- 
plicate the figure, we shall suppose that the lines there drawn, 
instead of representing the planes of polarization, indicate the 
direction of the luminous vibrations which are perpendicular to 
those planes, ‘This is as if we had turned the figure through a 
quarter of a circumference round its centre C; which alters 
nothing in the relative positions of the planes of polarization. 
Let us consider, at any point whatever of the luminous ray pro- 
jected in C, the absolute velocity which animates the ztherial 
molecules at a given instant in the primitive beam, whose vibra- 
tions are performed in the direction PP’; and suppose that at 
this instant the molecule C is pushed from C towards P, that is 
to say, that its absolute velocity acts in the direction CP, its 
components along CO and CE! will act, one in the direction CO, 


Fig. 1. 
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the other in the direction CE’. Now, according to the general 
principle of small motions, these components are the absolute 
velocities in the two systems of waves which result from the 
decomposition of the first. If we suppose OO! and EE! at right 
angles, as is the case for the directions of the ordinary and ex- 
traordinary vibrations in a doubly-refracting crystal, the com- 
ponent CO will be equal to the first absolute velocity multiplied 
by cos 7, and the component CE! to the same velocity multiplied 
by sini. We are thus led to a very simple explanation of the 
law of Malus, on the relative intensities of the ordinary and ex- 
traordinary images by passing from the absolute velocities to the 
vires vive, which are proportional to their squares, cos*é and 
sin??. But let us return to the components CO and CE’. If 
we decompose them each into two others in the directions SS’ 
and TT’, there will result for the former CO two velocities in 
the directions CS and CT; and for the second CE’, two com- 
ponents acting in the directions CS and CT’. It is seen that in 
the plane SS! the two resulting components act in the same 
direction and are added to each other; whilst they act in con- 
trary directions in the plane Tl’, and must therefore be affected 
with contrary signs; which justifies the rule we have announced; 
for what we have just said applies equally to all the points taken 
on the ray projected in C, and therefore to the constant coeffi- 
cient which multiplies all the absolute velocities of each system 
of waves. This law, the enunciation ef which may at first sight 
have appeared complicated, is in substance, as we see, only a 
very simple consequence of the decomposition of forces*. 

The principles just established with regard to the interference 
of polarized rays suffice for the explanation and calculation of 
all the phenomena of the colours of crystalline plates. We 


* I think it needless to give here the expianation of the fourth law of inter- 
ference of polarized rays, which is a result of the present one, as I have shown 
it to be in a Note joined to the Report of M. Arago, in the dxnales de Chimie 
et de Physique, tom. xvii. p. 104. This law consists in this, that the rays 
which have been polarized at right angles, and are afterwards brought back to 
the same plane of polarization, cannot present phenomena of interference ex- 
cept in so far as the primitive beam has received a previous polarization. Not 
that they do not necessarily exert a mutual influence on each other as soon as 
their vibratory motions are brought back toa common direction; but the light 
which has not received any previous polarization, and which may be considered 
as the union of an infinity of systems of waves polarized in all directions, when ~ 
analysed by a rhomboid of calcareous spar after its passage across a crystallized — 
plate, produces at the same time in each of the two images opposite effects, 
which mutually disguise each other (se masquent), as may be easily deduced 
from the law just explained, 
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might therefore limit here the development of these considera- 
tions whose special object it is to give the theoretical demonstra- 
tion of the rules for calculating the tints of crystalline plates. 
We think however that it will not be useless to point out here 
some of the most simple consequences of these principles. 

I suppose that a beam of polarized rays falls perpendicularly 
on a crystalline plate situated in the plane of the figure. Let, 
as before, PP! denote the direction parallel to which the vibra- 
tions of the incident beam are performed; OO! and KE! those 
of the vibrations of the ordinary and extraordinary beams into 
which it is- divided after having penetrated into the crystal. 
Suppose this crystalline plate to be sufficiently thin, that there 
may be no sensible difference of route between the two emergent 
beams, or that it has such a thickness that the difference of 
route may contain a whole number of undulations, which comes 
to the same thing; all the points taken on the ray projected in 
C, for example, are simultaneously urged in the two systems of 
waves by velocities which correspond to the same epochs of the 
oscillatory movement; they will have therefore at each point of 
the ray the same ratio of intensity, that namely of the constant 
coefficients of the absolute velocities of the two systems of waves ; 
therefore their resultants will be parallel, and will all be projected 
in the direction PP’, since the components are all, two and two, 
in the ratio of cos 7 to sin? Thus the light arising from the 
union of the two emergent beams will still be polarized, since 
all its vibrations will be performed in parallel directions, and its 
plane of polarization will be the same as that of the incident 
beam. 

Suppose now the difference of route of the ordinary and 
extraordinary beam, on emergence from the crystal, to be a 
semi-undulation, or an uneven number of semi-undulations ; 
this is as if, the difference of route being nothing, we were to 
change the sign of all the absolute velocities of one of the two 
systems of waves; thus, the velocity which urges the molecule 
C at a given instant, in the first beam pushing it from C towards 
O for example, that which is caused by the second beam, instead 
of pushing this molecule from C towards E!, as in the preceding 
case, will push it from C towards E; so that the resultant of 
these two impulses, instead of being directed along C P, will 
have the direction of a line situated on the other side of CO, 
and making with this latter an angle equal to the angle (2) con- 
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tained between CO and CP. The same will be the case for all 
the other points taken along the ray projected in C. Thus the 
whole light composed of the two emergent beams will still be - 
polarized on leaving the crystal, since all its vibrations will be 
parallel to a constant direction; but its plane of polarization, 
instead of coinciding with the primitive plane, as in the preceding 
case, will be found separated from it by an angle equal to (22). 
It is this new direction of the plane of polarization which 
M. Biot has called the azimuth 27. 

It is seen with what simplicity the theory we have set forth 
explains how the union of two beams of light, polarized at right 
angles, the one in a direction parallel, the other perpendicular, 
to the principal section of a crystal, form by their reuniting a 
light polarized in the primitive plane or in the azimuth (27), 
according as the difference of route between the two beams is 
equal to an even or uneven number of semi-undulations. We 
cannot imagine how one could conceive, on the emission system, 
this remarkable phenomenon; which nevertheless cannot be 
called into doubt after it has been proved by an experiment so 
decisive as that of the two rhomboids, given in the Annales de 
Chimie et de, Physique, tom. xvii. p. 94 et seq. 

Let us consider now the case in which the difference of route 
is no longer a whole number of semi-undulations ; then the cor- 
responding velocities in the two systems of waves are no longer 
applied simultaneously to the same points of the ray projected 
in C; the result is, that the two forces, which solicit each of 
these points at the same instant, have not the same ratio of 
magnitude along the whole length of the ray, and consequently 
that their resultants are no longer in the direction of the same 
plane; thus, the reunion of the two systems of waves presents 
no longer the characters of polarized light. Call their difference 
of route (a); the constant coefficients of their absolute velocities — 
are respectively equal to cos 7 and sin #, taking for unity that of 
the primitive beam, whose vibrations are performed im a direc- 
tion parallel to P P’. 

Then, the absolute velocities excited by the two component 
beams, in the same point of the ray projected in C, at the instant 


(¢), will be cosi.sin 27 (¢) and sini.sin27 (: _ “)., and the 


square of the resultant of these two rectangular forces will be 
equal to 
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wy ape a 
cos?i.sin?2m.t, + sini. sin? 2 (¢— 2) Bat ba ay ste (A). 


From this formula may also be obtained the displacements of the 
vibrating molecule relative to its position of rest, by changing 
the time (¢) by a quarter of a circumference, or the common 
point of departure by a quarter of an undulation; for these dis- 
placements follow the same law as the velocities, with this dif- 
ference only, that the velocity is nothing at the moment of the 
molecule’s being at its greatest distance from its position of rest, 
and that the instant of its passing through this position is that 
of maximum velocity, 

For the same reason the displacements of the vibrating mole- 
cule, measured parallel to the rectangular directions O O! and 
EE’, are proportional to the expressions 


‘ 


: et a 
cosz.cos27.t, and sini.cos2~(t—“), 


If we wish to find the curve described by the molecule referred 
by parallel coordinates to OO! and EE’, it is sufficient to write 


cosi.cos2@7t= 2, and sini.cos2a(¢—*) = y, 
and to eliminate (¢) between these two equations, which gives 


eer i rar 2 Q7.a 
x* sin? i + y*®.cos*i. — 2xzy.sini.cosi.cos 


= sin?7.cos?7. sin? 7 

an equation of a curve of the second degree referred to its centre, 

Without discussing this equation, we are certain beforehand 
that the curve can only be an ellipse, since the excursions of the 
molecule in the direction of x and y have for limits the constant 
quantities sinz and cosi. This curve becomes a circle when 
i = 45°, and (a) contains the fourth part of an undulation an 
uneven number of times; or, in other words, when the two 
systems of waves polarized at right angles have the same in- 
tensity, and differ in their route by an uneven number of quarter- 
undulations. We have then 


a F er a 
sin i= cosi = 4/1, cos 2.4 = 0 and sin Qn. 
2 


a 
rae 


which reduces the above equation to 


2+y= > 
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It would have been easy to arrive at the same consequence 
without the aid of the general equation, by remarking that, since 
in this particular case 


ai ; a ? 
sini = cosi and cos27 (1 =e) = sin 27 2, 
the two coordinates 


: Leash a 
cosi.cos27¢ and sini cos 2 (¢—2) 


are always proportional to the sine and cosine of the same 
variable angle 27.7. 

Another remarkable peculiarity of the oscillatory motion in 
the same case is, that the velocity of the molecule is uniform. 
In fact, the formula (A), which expresses the square of this 
velocity, becomes 


1 ee i 
3 Sin? 2mt 4 5 cost 2at, or —. 


This uniform circular motion takes place in the same direction 
for all the molecules situated along the ray projected in C; but 
they do not occupy at the same instant the corresponding points 
of the circumferences which they describe; that is to say, the 
molecules, which in their state of rest were situated on the 
straight line projected in C, instead of remaining on a straight 
line parallel to this, and which would describe round it a cylinder 
on a circular base, form a helix whose radius is that of the small 
circles described by the vibrating molecules, and the distance 
from thread to thread (“le pas”) is equal to the length of an 
undulation. If we turn this helix round its axis with a uniform 
motion, so that it describes a circumference in the interval of 
time during which a luminous undulation is performed, and if 
we conceive, besides, that in each infinitely thin slice perpen- 
dicular to the rays all the molecules perform the same move- 
ments as the corresponding point of the helix and preserve the 
same relative situations, we shall have a correct idea of the kind 
of luminous vibration which I have proposed to call Circular 
Polarization, giving the name of Rectilinear Polarization to that 
which was observed first by Huygens in the double refraction 
of Iceland spar, and which Malus has reproduced by simple 
reflexion at the surface of transparent bodies. 

These circular vibrations are performed sometimes from right 
to left and sometimes from left to right, according as the plane 
of polarization of the system of waves preceding (en avant) is to 
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the right or left of that of the system of waves succeeding (en 
arriére), the difference of route being equal to a quarter of an 
undulation, or to a whole number of undulations plus a quarter ; 
it is the inverse when this difference is three-quarters of an 
undulation, or a whole number of undulations plus three- 
quarters. 

There are certain refracting media, such as rock-crystal in the 
direction of its axis, the essential oil of turpentine, of lemons, 
&e., which have the property of not transmitting with the same 
velocity the circular vibrations from right to left and those from 
left to right. Such a result may be conceived to arise from a 
particular constitution of the refracting medium or of its inte- 
grant molecules, which produces a difference between the direc- 
tion from right to left and that from left to right; such would 
be, for example, a helicoidal arrangement of the molecules of the 
medium, which would offer contrary properties according as the 
helices were dextrorsum or sinistrorsum. 

The mechanical definition which we have just given of circular 
polarization enables us to conceive how the singular double 
refraction presented by rock-crystal in the direction of its axis 
may take place; namely, that the arrangement of the molecules 
of this crystal is noi the same apparently from right to left and 
from left to right; so that the luminous beam whose circular 
vibrations are performed from right to left puts into play an 
elasticity or force of propagation slightly differing from that ex- 
cited by another beam whose vibrations are performed from left 
to right. 

Such is the principal theoretical advantage which may be de- 
rived from the geometrical considerations we have just given on 
the circular vibrations of light resulting from the combination 
of rectilinear vibrations. But in the calculation of the phzno- 
mena presented by light polarized rectilinearly or circularly 
after having traversed the media by which it is modified, it is 
useless to investigate, for example, what are the curvilinear 
vibrations resulting from the reunion of two systems of waves 
on leaving a crystalline plate; we are, on the contrary, obliged 
to decompose into rectilinear motions the circular vibrations of 
the two systems of waves emerging from a plate of rock-crystal 
perpendicular to its axis, when we wish to determine the intensi- 
ties of the ordinary and extraordinary images produced by this 
emergent light across a rhomboid of calcareous spar. The cal- 
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culations of the intensities of the ordinary and extraordinary 
images, for a homogeneous light, or that of the tints developed 
by polarized white light, always lead us back to the considera- 
tion of rectilinear vibrations and to the employment of the for- 
mulze of interference which refer to them. 

In indicating the mechanical cause of the altogether peculiar 
double refraction exerted by rock-crystal on light in the direc- 
tion of its axis, we have wandered from the object of this memoir, 
in which we shall treat solely of the case in which the particles 
of the vibrating medium have their homologous faces parallel, 
and thus exhibit the same molecular arrangement from right to 
left and from left to right. We hope the reader will pardon us 
this digression on circular polarization, to which we were natu- 
rally led by what we had just said on rectilinear polarization. 
It is, besides, useful to familiarize ourselves with these different 
modes of luminous vibrations, the whole of which we find in 
the most simple kind of double refraction, such as that of uni- 
axal crystals, as soon as we, instead of separating in thought the 
ordinary from the extraordinary waves, consider the complex 
effect. which results from their simultaneous existence. 

After having proved that the transversal direction of the lu- 
minous vibrations is a necessary consequence of the absence of 
the ordinary phenomena of interference in the reunion of rays 
polarized at right angles, it is necessary to show that this hypo- 
thesis established by facts, in the wave-system, is not contrary 
to the principles of mechanics, and to explain how such vibra- 
tions may be propagated in an elastic fluid. 


Possibility of the propagation of Transversal Vibrations in an 
Elastic Fluid. — 


An elastic fluid is by all philosophers conceived as the assem- 
blage of molecules or material points separated by intervals 
which are very great relatively to the dimensions of these mole- 
cules, and kept at a distance by repulsive forces which are in 
equilibrium with other contrary forces resulting from the mutual 
attraction of the molecules or from a pressure exerted on the 
fluid. This being established, let us, for the sake of fixing our 
ideas, imagine the regular arrangement of molecules represented 
by fig. 2, and consider the case of a plane and indefinite wave 
whose surface is parallel to the plane projected in AB. If the 
portion of the medium above this plane has undergone a small 
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displacement parallel to the row of molecules A M B, these mole- 
cules will become urged on to a similar motion. 

In fact, let us consider one of them in particular, the molecule 

M for example, and examine what change has been operated in 
theactionsexertedupon 
it by the superior por- 
tion of _the medium. 
And, in the first place, 
I observe that these will 
be the same as if it were 
the molecule M which 
had been displaced to A ci : 
the same extent and in me ; 
the same direction, the —----___-- Bese a a a 
superior portion of 
the medium remaining onthe 
fixed. I suppose then 
M to be displaced in : ~ 
the direction AB by a 
small quantity, M m. 
The molecules E and F, for example, situated at equal distances 
from M and from the perpendicular MG dropped upon AB, 
acted equally on the molecule M in the direction MA and in 
the direction MB before its displacement; that is to say, the 
component of their actions along AB mutually destroyed each 
other, whilst the components perpendicular to AB were added 
to each other, but were counterbalanced by the opposite actions 
of the molecules E! and F’ situated below AB. When the ma- 
terial point M is transported to m, the components parallel to 
AB of the two actions exerted on it by the molecules E and F, 
are no longer generally equal to each other, and the small 
changes which they have undergone, or their differentials, act in 
the same direction, and tend to bring back the point m to its 
original position M, if this was one of stable equilibrium. 

In fact, represent by $ (r) the action exerted by a molecule 
situated at a distance (r), such as the molecules EK and I’. Take 
M as the origin of coordinates, and the straight lines AB and 
MG for the axes of # and y; denote by w and y the coordi- 
nates of the point F; those of E will be y and z. The distances 


EM and FM or (r) are equal to 2? +2, and therefore the 


sy 
EF 


Pee ee Cs ee 
e 
e 
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forces which act along FM and along EM are each represented 
by ¢(“a*+y"). Moreover, the sine of the angle FMB is 


y and its cosine to 


equal to fei Aa ae 
V «+ y? V x? +? 


; therefore the two 


components of the force acting along FM are, parallel to x, 
G 
WV x? + ¥? 
ee and 
WV ar+ yy 
the positive direction of the forces parallel to the axes of coordi- 
nates, that in which each of these two components acts. Simi- 
larly, the two components of the action exerted by the molecule E 
are respectively — 2. (x? + y?) and y..(z*?+y?); that is to 
say, they only differ from the former in the sign of (2). Now, 
to calculate the small quantities by which these components are 
altered in consequence of the displacement of the point M, we 
must differentiate their expressions with respect to 2; we find 
thus, for the differentials of the components of the force F M, 
parallel toa. j. a... [Wb (a? + y?) + 2a? yf! (a + y*)| da, 
poarctile] 0:49) /0:. Siva! ieied ta 2 2axey.' (a + y?) dz. 


(Vx? +), or x..(2%+y?), and parallel to 


y >-(/a2+ y?) or y.v. (2? +92), if we take for 


The expression for the force EM differing only from that for the 
force FM by the sign of 2, we may obtain at once the variations 
of its components by simply changing the sign of w in‘ the two 
preceding expressions, without changing, be it understood, that 
of the small displacement dz, which takes place in the same 
direction for both forces. Now, by the mere inspection of these 
formule, it is seen that the differential of the component parallel 
to # will preserve the same sign, and will therefore be added to 
that of the force FM, whilst the differential of the component 
parallel to y will be subtracted from the corresponding variation 
of the other force, and will destroy it. There results, therefore, 
from the small displacement of the point M along AB, a force — 
parallel to the same line, and which tends to bring back this 
point towards its position of equilibrium. 

Therefore if, the point M remaining fixed, the superior portion — 
of the medium be slightly displaced parallel to A B (which comes 
to the same thing), the point M will be pushed in the direction 
AB, as well as all the other molecules of this layer, which will 
therefore be urged throughout its whole extent to slide along its 
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own plane AB. By the displacement of this layer, the same 
effect will be produced successively on the parallel layers A'B’, 
A"B!, &c.; and in this manner the transversal vibrations of the 
incident wave may be transmitted throughout the whole extent 
of the medium. 

The force which urges the point M along AB, in consequence 
of the displacement of the layer E and of the superior layers 
sliding in their own planes, is owing to this, that their material 
elements are not contiguous; if they were, each point M of the 
layer AB would remain indifferent to a simple sliding of the 
superior layers, which in that case would produce no alteration 
in the action exerted by them on this point. But if the dis- 
placement of these layers took place in the perpendicular direc- 
tion GM, it is clear that the contiguity of the elements of each 
of them would not prevent the force with which they tend to 
repulse each point of A B from increasing in proportion as the 
distance diminished ; so that, on this supposition, the resistance 
opposed by the layers to their approximation would be infinitely 
greater than the force necessary to give a sliding motion to an 
indefinite layer. Without proceeding to this limit, which doubt- 
less does not exist in nature, we may suppose that the resistance 
of the zther to compression is much greater than the force op- 
posed by it to the small displacements of these layers along their 
own planes; now, by help of this hypothesis it is possible to 
conceive how the molecules of ether may have no sensible oscil- 
lations except in a direction parallel to the surface of the lumi- 
nous waves. 


How it may happen that the Molecules of Aither do not undergo 
-any sensible agitation in the direction of the Normal to the 
Wave. 


The resistance to compression being in fact much greater than 
the other elastic force put in play by the simple sliding of the 
layers, the wave produced by the former will extend itself much 
further than that which results from the second, during the same 
oscillation of the illuminating particle by the vibrations of which 
the ether is agitated; thus, even if the small movements of the 
molecules of this fluid were performed in such a manner that 
their vires vive were equally distributed between the two modes 
of vibration, the vires vive comprised in the wave of condensa- 
tion or dilatation being distributed over a much greater extent 
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of fluid than those of the other wave, the oscillations parallel to 
the rays would have much less amplitude than those perpen- 
dicular to them, and consequently could only impress on the 
optic nerve much smaller vibrations ; for the amplitude of its 
vibrations cannot exceed that of the vibrations of the zther in 
which it is plunged (qui le baigne). Now it is natural to sup- 
pose that the intensity of the sensation depends on the amplitude 
of the vibrations of the optic nerve, and that thus the sensation 
of light resulting from vibrations normal to the waves will be 
sensibly nothing compared to that produced by the vibrations 
parallel to their surface. 

Moreover, it will be conceived that during the oscillation of 
the illuminating molecule, the equilibrium of tension is restored 
so rapidly between that portion of the zther which it approaches 
and that which it recedes from, that there is no sensible con- 
densation or dilatation; and that the displacement of the zetherial 
molecules which surround it is reduced to an oscillatory circular 
movement, which bears them on the spherical surface of the wave 
from the point which the illuminating molecule approaches 
towards that from which it recedes. 

I think I have sufficiently proved that there is no mechanical 
absurdity in the definition of luminous vibrations which the pro- 
perties of polarized rays have compelled me to adopt, and which 
has led me to the discovery of the true laws of double refraction. 
If the equations of motion of fluids imagined by geometers are 
not reconcilable with this hypothesis, it is because they are 
founded on a mathematical abstraction, the contiguity of the 
elements, which, without being true, may nevertheless represent 
a part of the mechanical properties of elastic fluids, when it is 
admitted besides that these contiguous elements are compressible. 
But from this very circumstance, that such is not the reality and 
merely a pure abstraction, we ought not to expect to find in it 
all the kinds of vibration of which elastic fluids are susceptible, 
and all their mechanical properties ; thus, for example, according 
to the equations of which we speak, there would be no friction 
between two indefinite layers of fluid which slide one on the 
other. It would then be but little philosophical to reject an 
hypothesis to which the phenomena of optics so naturally lead, 
for no other reason than because it does not agree with these 
equations. 
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How Transversal Vibrations are extinguished at the extremity 
of the Waves. 


Hitherto we have only considered indefinite waves; let us 
suppose them limited, and examine what happens at their ex- 
tremities, admitting the ether to be sensibly incompressible. 

I suppose that a part Fig. 3. 
of the wave AK (fig. 3.) 
has been arrested by a H 
screen EC; let M be 


a point situated behind a : 
eeiceresn ) abi al die 

sianee'yery great ‘rela-§—————— 
emetothelencth of ane RL 
undulation. However *——————* —atuias 

small may be the sen- in onthe t EL it ine dp OB 

sible magnitude of the “s—i— ge 
angleTEMwhichthe = | 

straight line EM makes hy 

with the directray ET, 


the light sent to M will be very little, as we sano by experience, 
and as may be easily concluded from the theory of diffraction. 

If therefore the angle TE M is rather large, the point M will 
be nearly at rest, whilst the point T and all the rest of the wave 
ST will undergo sensible oscillations along the plane STM. It 
would seem that there ought to result from this alternate con- 
densations and dilatations of the ether between T and M; but 
remark, in the first place, that at the same instant when the face 
(ce) of the small parallelopiped ¢c def is pushed towards M by 
the semi-undulation whose middle corresponds to 8 T, the homo- 
logous faces c k, e g of the two contiguous parallelopipeds move off 
from M by the contrary movements of the two semi-undula- 
tions whose middle points correspond to the lines s¢, s! t's so 
that whilst the volume of cde/f diminishes, those of the two 
similar parallelopipeds between which it is situated increase by 
the same quantity, and so on in succession in the direction kg. 
If then the ether strongly resists compression, it is possible that 
the equilibrium of tension may continually re-establish itself, and 
almost instantaneously, between the neighbouring elements 
parallel to yk. Moreover, the points which remain at rest during 
the oscillations of the extremities of the waves, are sufficiently 
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distant from ET to cause the molecular displacements occasioned 
by these oscillations to diminish very slowly up to the points 
which may be regarded as immovable ; so that the condensations 
and dilatations of the consecutive strata will be almost insensible, 
even if the equilibrium of pressure were not rapidly restored 
from one stratum to another. 


Demonstration of two Statical Theorems, on which depends the 
mechanical explanation of Double Refraction. 


After having deduced from facts the hypothesis which I have 
adopted on the nature of luminous vibrations, and having proved 
that it is not contrary to the principles of mechanics, I shall 
now demonstrate two theorems belonging to general statics, on 
which depends the theoretical explanation of the mathematical 
laws of double refraction. 

First Theorem. 

In any system of molecules in equilibrium, and whatever may 
be the law of their reciprocal actions, the minute displacement 
of a molecule, in any direction whatever, produces a repulsive 


force equal in magnitude and direction to the resultant of three 
repulsive forces which would be separately produced by three 
rectangular displacements of this material point equal to the 
statical components of the first displacement. 

Let M (fig. 4.) be one of the material points of the molecular 
system; when the equilibrium comes to be dis- 


3a i turbed by the small displacement MC of the 
molecule M, the resultant of all the forces exerted 

¢ upon it, which before was equal to zero, acquires 

> wit iss a certain value: to calculate it, it is sufficient to 


determine the variations which these forces have 

undergone in magnitude and direction, and to 

find the resultant of all these differentials, In 

the next place, then, I consider the particular 

NI action of any other molecule N on the point 

M which has been displaced through M C, which I suppose 
very small relative to the distance M N which separates the two 
molecules. On MN I draw the perpendicular M § in the plane 
CMN; if CN be joined, C P will be the small quantity by 
which the distance M N has increased, or the differential of the 


distance, and Fy will be the sine of the small angle by which 
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the direction of the force has varied. If therefore we refer the 
original force and the new one to two rectangular directions, M R 
and MS, the differential in the direction MR will only arise 
from the small increase C P of the distance, and will be propor- 
tional to C P, whilst the differential in the direction M § will 
result solely from the small change of direction of the force, and 
will be proportional to — or simply to M P, the distance MN 
remaining the same; thus the first differential may be repre- 
sented by A x CP, and the second by Bx MP, A and B being 
two factors which remain constant so far as the action exerted 
by the same molecule N is concerned. 

Let us consider as yet only the particular action of this mole- 
cule, and suppose M to be displaced successively in three rec- 
tangular directions, and by quantities equal to the projections of 
MC on these three directions; through the point M drawa 
plane perpendicular to M N, which will cut that of the figure, 
that is the plane NMC, in the straight line MS. The dis- 
placement M C has produced the two differential forces A x C P 
and B x M P, the former in the direction M R and the second 
in the direction MS. The displacements on the three rectan- 
gular directions situated any how in space will likewise produce 
each a differential force parallel to M R, with another force per- 
pendicular to this line, and comprised also in the normal plane 
MS drawn through the point M; the former will be obtained 
by multiplying by the same coefficient A the distance of the 
new position of the molecule from the normal plane, and the 
second by multiplying by the same coefficient B the distance of 
M from the foot of the perpendicular dropped from this new 
position on the normal plane. Next let us find the resultant of 
three differential forces parallel to M R which have the same 
coefficient A, and the resultant of three differential forces con- 
tained in the normal plane which have B for their common coef- 
ficient. ‘The displacements in question being the projections of 
the displacement M C on the three rectangular directions which 
have been chosen, the sum of their projections on the direction 
M R must be equal to CP; and consequently the resultant of 
the three differential forces parallel to MR will be equal to 
A x CP, that is to the force produced by the displacement 
M C in this direction. It is easy to see in the same way that 
the resultant of the three differential forces comprised in the 

T 2 
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normal plane is equal to B x MP. In fact, they are expressed 
by the same coefficient B multiplied by the projections of the 
three rectangular displacements on this plane; hence, to find 
their resultant consists in finding the statical resultant of these 
three projections considered as representing forces. Now, in 
this point of view, the three rectangular displacements are the 
statical components of the displacement M C, and consequently 
their projections on the normal plane MS the statical compo- 
nents of M P, which is therefore their resultant ; so that the re- 
sultant of the three differential forces contained in the normal 
plane is directed along M P, and represented by B x M P, that 
is it is equal in magnitude and in direction to the differential 
force arising from the displacement M C comprised in the same 
normal plane. 

Therefore, finally, we find the molecule M urged by the same 
differential forces, whether we make it undergo the small dis- 
placement M C, or, supposing it successively displaced in three 
rectangular directions and by quantities equal to the statical com- 
ponents of M C in these directions, we find the resultant of the 
forces produced by these three rectangular displacements. 

This principle, being true for the action exerted by the mole- 
cule N, is equally so for the actions exerted by all the other 
molecules of the medium on M; so that we may rightly pro- 
nounce that the resultant of all the small forces arising from the 
displacement M C, or the total action of the medium on the mo- 
lecule M after its displacement, is equal to the resultant of the 
forces which would be separately produced by three rectangular 


displacements equal to the statical components of the displace- 
ment MC. 
Second Theorem. 

In any system whatever of molecules or material points in 
equilibrium, there exist always for each of them three rectan- 
gular directions, along which every small displacement of this 
point, by slightly changing the forces to which it is subject, pro- 
duces a total resultant whose direction coincides with the line of 
displacement itself. 

To demonstrate this theorem, in the first place I refer the 
various directions of the small displacements of the molecule to 
three rectangular axes, arbitrarily chosen, as axes of z, y, z. I 
suppose that the molecule is displaced successively along these 
three directions by the same small quantity, which I take as the 
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unity of these differential displacements; I call a, b, c the three 
components along these axes of the force excited by the displace- 
ment parallel to the axis of xv; a' d'c' the three components of 
the force excited by the displacement parallel to y; and lastly, 
a" 5" cl’ the components of the force excited by the displacement 
parallel to z. 

To obtain the force which results from a small displacement 
equal to unity, along any other direction whatever making angles 
X, Y, Z with the axes of x, y, z, we must first, in accordance 
with the preceding theorem, take on these axes the statical com- 
ponents of the displacement, which will be respectively cos X, 
cos Y, cos Z, and determine the forces separately produced 
by each of these displacements; then calculate the resultant of 
all these forces. 

Now to obtain the components of the force produced by the 
displacement along the axis of # equal to cos X, we must mul- 
tiply successively cos X by the coefficients a, 6, c, since they 
represent the components of the force excited by a displacement 
equal to unity, and because, as we are here considering only 
very small variations, the forces developed are proportional to 
the lengths of these differential displacements ; so that the com- 
ponents of the force resulting from the displacement cos X are 


precaltel Go’. 3) se matewet ae y z 
a.cos X, 6.cos X, c.cos X. 
Similarly, the components of the force produced by the displace- 
ment cos Y along the axis of y are 
parallel £0.) 19 <neceae cute nes © y 2 
a'.cos Y, 4'.cos Y, c'.cos Y. 
And the components of the force excited by the displacement 
cos Z, which takes place along the axis of 2, are 
Prd ie tect nso y z 
: a".cosZ, 6! .cosZ, c’.cos Z. 
Adding together those components whose directions are along 
the same axis, we have for the total components 
paralleltozw . . .a.cosX+a'.cosY + a".cos Z. 
paralleltoy . . .b.cos X +0H.cos Y + b".cos Z. 
parallel toz . . .c.cosX+c!.cos ¥Y + ¢’.cosZ. 
These components determine the magnitude and direction of the 
total resultant. 
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It might at first sight be thought that the nine constants 
a, b,c, a Bc, a" b" cl are independent, but it is easy to perceive 
that there exists amongst them a relation which reduces their 
number to six. 

In fact, let Aw, Ay, Az (fig. 5.) be the three rectangular axes 
along which the molecule A is successively displaced by a very 
small quantity equal to unity; let A P be the direction on the pro- 
longation of which is situated another material point M, which 
acts on A, and which I always suppose separated from this point 
by a quantity very great relative to the extent of the displace- 
ments. 

Let us first suppose that it is displaced along the axis of w by 
a quantity A B equal to unity; this small displacement will cause 
to vary at the same time the direction and the intensity of the 
force exerted by the point M by bringing the other molecule 
nearer ;' if from the point B the perpendicular B @ be dropped 
on the direction A P M, A Q will be 
the variation of the distance, and 
B Q may be considered as propor- 
tional to the variation of the direc- 
tion. The former variation will 
produce a differential force Ax AQ 
along the direction A P M, and the 
second a differential force B x BQ 
in the direction B Q, the coefficients 
A and B remaining constant so long 
as we consider the action exerted 
by the same molecule M. 

To fix the direction in which these differential forces push the 
point A, suppose the molecule M to exert a repulsive action on 
this point. The distance AM being diminished by A Q,. this 
action is increased, and the differential A x AQ acts in the 
direction M A; in the same manner the differential B x BQ, 
resulting from the small change of direction of the force, acts in 
the direction @B. If then we regard as positive the directions 
of action Aw, Ay, Az for forces parallel to the axes of coordi- 
nates, the component parallel to x of this second differential 
will be negative, whilst the components parallel to y and z will 
be positive, as well as the three rectangular components of the 
fix'st differential. 

Let us now seek for the components of the two differential 


Fig. 5. 


ee 
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forces, and first those of the former A x AQ. If we represent 
by X, Y, Z the angles made by the straight line A P M with the 
axes of z, y and z, AB being equal to unity, by hypothesis, 
A Q= cos X, and the differential force in the direction A M is 
represented by A.cos X; its components therefore are 


parallel to . .2@ y Zz 
A.cos? X., A.cos X cos Y, A.cos X cos Z. 


Let us now find what are the components of the second differ- 
ential force B x BQ acting along BQ. Since AB = unity, 
BQ=sinX., and this force is represented by B.sinX. I 
decompose it in the first place into two others in the directions, 
one of BA and the other of B P* perpendicular to BA.; the 
first component, which is parallel to the axis of 2, is equal to 
B.sin X x cos ABQ, or — B sin? X, and the second has for 
its value B sin X x sin ABQ, or B sin X cos X. I resolve 
this second component into two other forces in the directions 
EB and FB, that is parallel to the axes of y and z.; the first 


will be equal to Bsin X cos X. x ae and the second to 


BoP? 
d BF BE _ cosY BF  cosZ 
EvsieX cos XK Xe? bite — ox ap ay! 


hence the values of the components parallel to y and z become 
respectively B cos X.cos Y and B.cos X.cosZ. We have then 
for the three components of the second differential force, 
parallelto, . .2@ y Z 
— Bsin? X, Bcos X cos Y, Bcos X cos Z. 
Adding together the parallel components of the two differential 
forces, we find for the total components, 
parallel to. . x y Zz 
Acos’X —Bsin?X, (A+B) cos Xcos Y, (A+B) cosX cosZ. 
If we now suppose the material point A to be displaced along 
the axis of y by a quantity equal to unity, we shall find in the 
same manner the following components, 
parallel to. y a Zz 
A.cos*¥ —Bsin?Y, (A +B)cosX.cos Y, (A+B) cos Y.cos Z. 
And for a similar displacement along the axis of z we should have 


* (There is evidently a misprint of P for M in the original, in this page.— 
Trans. | 
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parallel to. . z wv y 
Acos?Z—B.sin?Z, (A+ B)cosX.cosZ, (A+B) cosY.cosZ. 

The simple inspection of the components of the differential 
forces excited by these three small displacements, shows that the 
displacement parallel to z gives in the direction of the axis of y 
the same component as the displacement parallel to y produces 
in the direction of the axis of #; and gives in the direction of 
the axis of z the same component as the displacement parallel 
to z produces in the direction of #; and lastly, that the com- 
ponent parallel to z of the force excited by the displacement 
along the axis of y is equal to the component parallel to y of the 
force excited by the displacement along the axis of z; that is to 
say, generally, the component parallel to one axis produced by 
the displacement along one of the two others is equal to that which 
results parallel to this latter from a similar displacement parallel 
to the former axis. 

This theorem being demonstrated for the individual action of 
each molecule M on the point A, is consequently proved also for 
the resultant of the actions exerted by all the molecules of a me- 
dium on the same material point; hence there exists always 
between the nine constants a, 0, c, a’, b', c, a", 6", c' the three 
following relations :— 

b=d’, c= al, d=b'; 
which reduces the number of arbitrary constants to six. 

We may then in general represent as follows the components 
of the three forces resulting from three small displacements 
equal to unity, and operated successively along the axes of 2, y 
and z:— 

For the displacement along the axis of 7,— 

Components . ... .@h,g. 
Parael tO oy ve ac! ic be neces Sie 
For the displacement along the axis of y,— 
Components . . . . - 5h, /f. 
Parallelito oa. onto tons (esis ee 
For the displacement along the axis of z,— 
Components go." a6 35) G- 
Parallel to.” ais ebete 3: 2525 Ue 
Thus the three components of a similar displacement in any 
direction whatever, making with the axes of x, y and z angles 
respectively equal to X, Y, Z, will be— 


i Pe sr ee Oe Sd a A ce he 4 
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Parallel tov . . .a.cosX +h.cos¥ +g.cosZ=p. 
Parallel toy . . . b.cosY +h.cosX+/f.cosZ=4gQ. 
Parallel toz . . .c.cos.Z4+g.cosX +/f.cosY =r. 


I now proceed to show that there exists always a direction for 
which the resultant of these three components coincides with 
this very direction of the displacement itself; that is to say, that 
real values may be given to the angles X, Y, Z such that the 
resultant of the three components shall make with the axes of 
x, y and z angles respectively equal to X, Y and Z; or, in other 
terms, such that these three components shall be to one another 
in the same ratio as the quantities cos X, cos Y, cos Z. 

To find the direction which satisfies this condition, I shall 
substitute for the three unknown quantities cos X, cos Y, cos Z 
(which are reduced to two by the equation 

1 = cos? X + cos? Y + cos? Z) 
the tangents of the angles which the projections of the straight 
line on the planes 2 z and yz make with the axis of z, in order 
to be able to decide as to the reality of the angles from that of 
the values of the trigonometrical lines given by the calculation. 
Let then 2 = mz and y = nz be the equations of the straight 


: cos X cos Y 
line; we have m = —, n = 
cos Z 


a Al the three above com- 


ponents, which I shall represent by p,g and 7, must be to one _ 
another in the same ratio as the quantities cos X, cos Y, cos Z, 
in order to satisfy the condition just mentioned. 
cos. . ye eee cos Y 


We have therefore =) A A ee a put- 
ting for p, g, 7 their values, 
cos X cos Y 
Be 8: acs theese tg cee w “* cos Z ina i 
c.cos 4+g.cos A+ 7.cos cos cos 
CTI: cosZ td eaee 
And 
cosY |, cos X if 
a x B2008¥ +h.cos X +f. cosZ vs MOrEORZ “cos Z 
~ ¢.cosZ+g.cosX+f.cosY cos X cos Y 
" : CTI: CosZ +f. cos Z 
Or lastly, 
_am+hnt+yg., 


~e+tgmt+ fn?’ (te) 
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and 
bn+hm+f 
n= ——_____, 
ctam+ fn 


From equation (2.) we get 


— fn? + (b—c)ntf 
NSS 
gu—h 


NR 


substituting this value of m in equation (1.), and getting rid 
of the denominators, we have 


g-[—fire-+ (b—0) n+f]2+fn(gn—h) [—f.r? + (be) n +f] + 
e(—a)(gn—h) [—fn? + (b—c)n+f] —hn(gn—h)?—g(gn—h)?=0. 


This equation in (n), which under this form appears of the 
fourth degree, falls to the third on effecting the multiplications, 
because then the two terms containing (n*) mutually destroy 
each other; hence we are sure that it has at least one real root. 
There is therefore always one real value of (7), and consequently 
one real value of (m). Consequently there is always at least one 
straight line which satisfies the condition that a small displace- 
ment of a material point along this straight line gives rise to a 
repulsive force—the general resultant of the molecular actions— 
the direction of which coincides with that of the displacement. 

To those directions which possess this property we give the 
. name of Aves of Elasticity. 

Proceeding from this result, it is easy to prove that there are 
still two other axes of elasticity perpendicular to one another and 
to the former. In fact, take this last-mentioned one for axis of 
x, the components parallel to y and z, produced by a displace- 
ment in the direction of the axis z, will be nothing; so that we 
shall have g = 0, h = 0; and the equations (1.) and (2.) become 


m(c—a+fn) = 0, 
nt — (25*)n—1=0. 


The former equation gives m = 0; and the second gives for (n) 
two values which are always real, the last term (— 1) being a 
negative quantity. Hence we see that besides the axis of w there 
are two other axes of elasticity; they are perpendicular to the 
axis of #, since for both one and the other m = 0, that is to say 
their projections on the plane wz coincide with the axis of z; 


and 
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they are moreover perpendicular to each other, for the product 
of the two values of (n) when multiplied by each other is equal 
to the last term (— 1) of the second equation. Therefore there 
exist always three rectangular axes of elasticity for every material 
point in any molecular system whatever, and whatever may be the 
laws and the nature of the actions which these material points 
exert on each other. 

If we suppose that in a homogeneous medium the corre- 
sponding faces of the particles or the homologous lines of the 
molecular groups are all parallel to each other, the three axes of 
elasticity for each material point will have the same direction 
throughout the whole extent of the medium. This is the most 
simple case of a regular arrangement of molecules, and that 
which seemingly should be always exhibited by crystallized sub- 
stances according to the idea one forms of regular crystallization ; 
nevertheless the needles of rock-crystal present optical phzeno- 
mena which show that this condition of parallelism of homolo- 
gous lines is not always rigorously fulfilled by it. It is in fact 
conceivable that there may be without this condition many dif- 
ferent sorts of regular arrangements; but as yet I have sought 
only the mathematical laws of double refraction, on the suppo- 
sition that the axes of elasticity have the same direction through- 
out the whole extent of the vibrating medium, and consequently 
shall confine myself to the consideration of this particular case, 
the most simple of all, and which appears to be that of the 
greater number of crystallized substances ; for as yet rock-cry- 
stal is, I believe, the only known exception to this rule. 


Application of the preceding Theorems to the complex displace- 
ment of the Vibrating Molecules which constitutes Luminous 
Waves. 


Hitherto we have only considered the displacement of a mate- 
rial point, supposing all the other molecules immovable; we 
have been allowed to suppose, without altering the problem in 
any way, that it is the medium which displaces itself and the 
material point alone which remains fixed. But the relative dis- 
placements of the molecules in which consist the vibrations of 
luminous waves are more complex. Let us first consider the 
most simple case, that of an indefinite plane wave. All the mole- 
cules comprised in the same plane parallel to the surface of the 
wave, have remained in the same positions relative to each other, 
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but they have been displaced relative to the rest of the vibrating 
medium, or if you like, it is this medium which has been dis- 
placed relative to them, but not by the same quantity for the 
different strata or layers of molecules; the neighbouring stratum 
is the least displaced, and the molecules of the succeeding strata 
are found so much the more displaced from their positions cor- 
responding to those of the molecules comprised in the first plane, 
as they are further off from it. If we consider all the molecules 
which were originally situated on the same straight line perpen- 
dicular to this plane or to the surface of the wave, they will be 
found transported, in consequence of the vibratory movement, 
along a “ sinusoidal” curve on one side and the other of this 
perpendicular, which will be the axis of the curve ; its ordinates 
parallel to the wave, that is to say the small displacements of 
the molecules, will be proportional to the sines of the correspond- 
ing abscissz ; such at least will be the nature of this curve in all 
cases where the illuminating particle which has produced the 
waves, having been slightly displaced from its position of equili- 
brium, is brought back to it by a force proportional to the dis- 
placement. Confining ourselves then to the hypothesis of small 
movements, we may represent the absolute velocity which ani- 
mates an etherial molecule after a time (¢) by the formula 


u=a.sn27 (4 — =" in which (w) represents this velocity, (a) 


a constant coefficient which depends on the energy of the vibra- 
tions, (2 7) the circumference to radius unity, (x) the distance of 
the molecule from the luminous point, (A) the length of an un- 
dulation, and (¢) the time elapsed since the origin of the motion. 
If we suppose that these plane and indefinite waves are totally 
reflected at a plane parallel to their surface, that is to say that 
on this plane the ztherial molecules are restrained to remain 
completely immovable, then the reflected waves will have the 
same intensity as the incident waves, to which they will more- 
over be parallel; so that the same coefficient (2) must be em- 
ployed in expressing the absolute velocities caused by these 
waves in the ztherial molecules. Calling (z) the distance of the 
direct wave from the reflecting plane, and (c) the constant 
distance of this plane from the source of movement, the space 
described by the direct wave is (¢ — z), and the space described 
by the reflected wave which comes to meet it is (c + z). Hence 
the velocities, brought in the same time and to the same point 
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of the «ther by the direct and the reflected waves, are respectively 
: eve : ovigia 

a ee eee ea 
equal to a.sin 27 (1 ar =) and to — a.sin x(t =) 
This second expression has necessarily the negative sign, since 
the ztherial molecules remaining immovable against the reflect- 
ing plane, the luminous vibrations also change their sign by re- 
flexion. Consequently the absolute velocity resulting from the 
superposition of the direct anJ reflected wave is, at the instant (¢), 


: CE Re : Ch 4S 
a = aS 9g ia ee . 
a[ sino (2 eae) sin 2 (¢ 5 =) |; 


which expression may be put under the form 


: 4 c 
9) =I a So). 
2a.sin2x (2) cos 27 (1 c) 


Such is the general expression of the absolute velocity which 
animates at the instant (¢) an etherial molecule situated at a 
distance (z) from the reflecting plane. It teaches us, in the first 
place, that at certain distances from this plane, for which 


sin27(2) = 0, the extherial molecules remain constantly at 
rest; now sin27 (<) becomes nothing when z = 0, or a whole 


number of times : a; hence the nodal planes, that is the planes 

of rest, are separated from each other and from the reflecting 
; 1 : 

surface by intervals equal to 5A. On the contrary, the bellyings, 


that is the points where the vibrations have the greatest ampli- 
tude, have intermediate positions and at equal distances from the 


: ; Zz Sater" : 
nodal planes; in fact, sin27 e attains its maximum when 


3 : 1 
(z) is equal to an uneven number of times a* 


The above formula may be used also to represent the mo- 
lecular displacements by merely changing (¢) into (¢ — 90°), or 


cos 27 (¢ _ “) into sin 2 x (¢ _ 2) ; it becomes then 


y=2b.sin2z7. ().sin 2x (+=£). 
A A 


If (y) be taken as the ordinate corresponding to the abscissa (z), 
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we see that the curve represented by this equation always cuts 
the axis of (z) in the same points for every instant (¢), that these 
are the points for which 


1 3 
2=0,2= GA 2 HAH OA, Ke. 


The greatest displacements of the molecules, or the greatest values 
of y, correspond, on the contrary, to the values of z, which contain 


1 : ree faut 
" 7% an uneven number of times. Considering now the changes 


undergone by the curve from one moment to another, consequent 
on the different values of ¢, we see that the ordinates always pre- 
serve the same proportion to each other as in the oscillations of 
a vibrating cord; and the preceding formula shows that the ve- 
locities which animate the molecules at each instant follow also 
the same law as those of the elements of a vibrating cord. We 
may therefore assimilate each portion of the medium comprised 
between two consecutive nodal planes to an assemblage of vibra- 
ting cords perpendicular to these planes, and attached to them 
by their extremities; the tension of these cords would produce 
the same effect as the elasticity of the medium, since like this 
latter it would incessantly tend to restore the straight lines which 
had become curved by the small displacements of the molecules 
perpendicular to these lines, and that with a force proportional 
to the angle of contingence. Hence,~since the direction of the 
oscillatory movements, their law and that of the accelerating 
forces, are the same in the two cases, the rules which apply to 
the one necessarily apply to the other. Now, we know that in 
order for a cord to execute always its vibrations in the same 
time, when its tension varies it is necessary that its length in- 
crease proportionally to the square root of its tension; therefore 
the length of the same luminous waves (which must remain iso- 
chronous in all mediums which they traverse) is proportional to 
the square root of the elasticity which urges the molecules of the 
vibrating medium parallel to their surface; hence the velocity 
of propagation of these waves, measured perpendicularly to 
their surface, is proportional to the square root of this same 
elasticity. 

Without recurring to the known laws of the oscillations of 
vibrating cords, it is easy to demonstrate directly, by geometrical 
considerations, the principle just announced. 

Let A BC (fig. 6) be the curve formed by a row of molecules 
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of the vibrating medium, which were originally situated on the 
straight line ADC; this curve may be represented, as we have 
seen, by the equation 


: 2 vi & ee 
y=26.sin27 (2).sinae (¢ —£), 


which becomes y = 2 0. sin 27. = when the molecules arrive at 


the limit of their oscillation; at this moment their velocity is 
nothing, and we may consider it as the origin of motion for the 
ensuing oscillation, which must result from the accelerating 
forces tending to bring Fic. 6. 

back the molecules into y ‘ 
their relative positions 
of equilibrium. Let m 
and m’ be two material 
points very near to and 
equally distant from the 
molecule M; denote by 
dx the constant length 
of the interval p P or Py’, 
comprised between two consecutive ordinates. The difference be- 
tween the ordinates M P and mp! is the quantity by which the 
point M is displaced from its primitive position relatively to the 
molecules comprised in the plane drawn through m! perpendicu- 
larly to the axis A C of the curve; hence the accelerating force 
exerted on M by this stratum of the medium, in consequence of 
this displacement, is proportional to m! p'—M! P. If we consider 
the molecules comprised in the plane passing through the point m 
and perpendicular to A C, their action on M resulting from their 
relative displacement will also be proportional to the extent of 
this displacement M P — mp, but will act in the contrary direc- 
tion to that of the other accelerating force; so that the resulting 
action of these two equidistant strata on the molecule M will be 
proportional to the difference of the two relative displacements, 
or to d’y, if the distance M p or Mp’ is very small with regard 
to the length of an undulation*. 


* In the note on the dispersion of light, placed at the end of the first part of 
this memoir, I have examined the mechanical consequences which result from 
the supposition that the mutual action of the molecules one on the other extends 
to sensible distances relative to the length of an undulation; for the present I 
confine myself here to the more simple case treated by geometers, who have 
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On differentiating twice the value of y, we find 
ss Capers ny pba Piles 

fy= — 86.53. sin (27.2) dz". 
Hence the accelerating forces, and consequently the velocities 
impressed at each point of the curve A BC, at the instant when 
the oscillation recommences, are proportional to the correspond- 
ing ordinates ; therefore the small spaces described during the 
first instant will also be in the same ratio and will not alter the 
nature of the curve; hence, after the first instant d¢ the new 
accelerating forces will still be proportional to the corresponding 
ordinates ; and since the acquired velocities are so likewise, the 
spaces described during the second instant will still preserve 
amongst each other the same ratio. The same will hold true 
after the third, fourth instant, &c. Consequently all the points 
of the curve AM C will arrive at the straight line A DC toge- 
ther, from which they will afterwards deviate by quantities equal 
to those of their primitive deviation, to re-commence afterwards 
an oscillation in the contrary direction. We see that the law of 
these vibrations will be similar to that of the small oscillations 
of a pendulum, since the accelerating force which urges each 
material point is always proportional to the space which remains 
for it to describe in order to arrive at its position of equilibrium. 
Hence the duration of the vibrations will be in the inverse ratio 
of the square root of the elasticity of the medium, an elasticity 
which is measured, in the case we are considering, by the energy 
of the force resulting from the relative displacements of the 
parallel strata of the medium, supposing them equal to a small 
constant quantity taken for unity. 

It is easy to see also that the duration of the oscillations of 
the point M will be proportional to the length (A) of an undula- 
tion. In fact, to compare the durations of an oscillation corre- 
sponding to different values of (A), we must always suppose dz 
constant, in order that, the distances being the same, the mole- 
cular actions and the masses to be moved may be similar on one 
part and on the other. On substituting for sin (2 T 4) its value, 
in the expression for d?y, we have 


always supposed the sphere of activity of the elastic force to be infinitely small 
with regard to the extent of the disturbance. [No such note to the memoir.— 
TRANSLATOR. ] 
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2 m 2 

d?y=—4. pee ee : 
For one and the same degree of elasticity of the vibrating me- 
dium, d?y measures the energy of the force which tends to bring 
back the point M to P, and (y) is the space which this point 


must describe. Hence for equal displacements of the point M, 
aM tr : : 1 

the accelerating force is proportional to —;; therefore the dura- 
A 


tion of its oscillation will be proportional to 4. Consequently 
the duration of the vibrations of the assemblage of particles re- 
presented by the curve A B C (concamerations (is proportional to 


i denoting by (<) the elasticity of the medium. Now as this 
é 


duration must remain constant for the same luminous waves, 
whatever medium they traverse, it is necessary that the length 
of an undulation (A) or the velocity of propagation be propor- 
tional to the square root of the elasticity put in play. It is suf- 
ficient therefore to determine the law according to which this 
elasticity varies in one and the same medium, to know all the 
velocities of propagation with which light may be affected in it. 

The law which I have found for the case where the axes of 
elasticity have parallel directions throughout the whole extent of 
the medium, is founded on the theorems of general statics which 
have been demonstrated, and on the following principle :— The 
elasticity put into play by the relative displacements of molecules 


remains always the same in the same medium, so long as the direc- 


tion of these displacements does not change ,and whatever moreover 
may be that of the plane of the wave. 1 shall now endeavour to 
give the theoretical reason of this principle, the accuracy of which 
I have moreover verified by very precise experiments. 


The elasticity put into play by Luminous Vibrations depends 
solely on their direction, and not on that of the Waves. 


Let us consider the molecules comprised in one and the same 
plane parallel to the surface of the wave: they preserve always 
the same relative positions, and the resultant of all their actions 
upon one of their number does not tend to impress on it any 
movement. The same is not the case for the action of the next 
stratum of the medium on this molecule, which being no longer 
in its primitive position of equilibrium with regard to it, exerts 
upon it a small action parallel to the plane of the wave. Con- 

VOL. V. PART XVIII. U 


280 FRESNEL ON DOUBLE REFRACTION. 


tinuing to subdivide in this way the vibrating medium by parallel 
planes infinitely near and equidistant, in proportion as they are 
further off from the first, the molecules which they contain are 
found further removed from their original position relatively to 
the material point which we are considering; but this effect is 
more than counterbalanced by the enfeebling of the forces re- 
sulting from the increase of distance, and it ceases to be sensible 
at a certain distance, which, without being probably altogether 
to be neglected with regard to the length of an undulation, can 
only be but a very small fraction of it. Whatever be the law 
according to which the molecular forces vary with the distance, 
it is natural to suppose that this law remains the same for the 
same medium in all directions. I do not mean by this to say 
that the molecules situated at the same distance from the mate- 
rial point exert upon it in all directions equal repulsions; but 
only that these repulsions, though unequal, vary in the same 
manner with the distance. 

Admitting this hypothesis, which is very probable from its 
simplicity, we may conclude from it, I think, that the elasticity 
put into play by the small displacements of the molecules does 
not change so long as the direction and the extent of these dis- 
placements remain the same at the same distance from the plane 
of the wave, whatever besides may be the direction of this plane. 

Suppose, in fact, that the molecular displacements are always 
parallel to the same direction ; and consider two different planes 
drawn through this direction, which shall represent successively 
the surface of the wave in two different situations. Subdivide 
the vibrating medium into infinitely thin and equidistant strata, 
first parallel to the former plane, and afterwards parallel to the 
second; call 0 the small quantity by which the second stratum 
or the second row of molecules becomes displaced relative to 
that which is contained in the plane of departure; the molecules 
originally situated on straight lines perpendicular to this plane, 
now form curved lines in consequence of the undulatory move- 
ment; and the displacements are sensibly proportional to the 
squares of the distances from the plane of departure in those 
strata sufficiently near to exert an appreciable action. Hence 
48 will be the quantity by which the molecules of the third row 
will become displaced relatively to those of the plane of de- 
parture; and in the same way 98, 168, &c. will be the rela- 
tive displacements of the succeeding strata. Similar displace- 
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ments, be it understood, are supposed on the other side of the 
plane. 

If all these displacements, instead of increasing with the 
distance, were equal to 8, the elasticity put in play would be the 
same as in the case where, the medium remaining immovable, 
the molecules only comprised in this plane had slided by 
the small quantity ® It will be moreover remarked that, 
if there were only one of these molecules displaced from its 
position of equilibrium, the direction of the plane in question 
would have no influence on the force to which it would be 
subject. 

Call this force F; it is the sum of the actions exerted on the 
molecule remaining fixed by all the strata of the medium. Now, 
to pass from this case to that with which we occupied ourselves 
in the first place, it would be necessary to multiply the action of 
the first stratum by zero, that of the second by 1, that of the 
third by 4, that of the fourth by 9, &c. Since in this case 
the first stratum has not changed its position, the second is dis- 
placed by the quantity %, the third by 48 instead of 8, the fourth 
by 9%, and so on; we should have, besides, the same progression 
whatever were the direction of the plane of the wave. Hence 
we must always multiply the individual actions of the strata 
situated in the same rank by the same numbers, in order to take 
into account the extent of their displacements; moreover, the 
coefficients, which depend on the distance of each stratum from 
the fixed molecule, will also be the same at equal distances, 
supposing, as we have done, the molecular actions to diminish 
in all directions according to the same function of the distances ; 
consequently the total numerical series by which F must be 
multiplied to obtain the elastic force which results from the un- 
dulatory movement, will remain constant for the different direc- 
tions of the parallel strata, or of the plane of the wave, and this 
force will depend only on the mere direction of the molecular 
displacements. 


Application of the preceding principles to media where the Axes 
of Elasticity preserve the same direction throughout their whole 
extent, 

If this principle be admitted, the theoretical probability of 
which I have just shown, and whose accuracy I have besides 
verified by very precise experiments on the velocities of light in 

u 2 
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topaz, it becomes easy to compare the elasticities put into play 
by two vibratory movements which have different directions, 
and belong to two systems.of luminous waves making any angle 
with each other. For this it is sufficient to compare in the first 
place the elasticity put into play by the former system with the 
elasticity put into play by vibrations whose directions are always 
in its plane, but parallel to the intersection of the planes of the 
two systems of waves; then, changing the plane of the waves 
without changing the direction of these new displacements, we 
shall compare in the plane of the second system of waves the 
elasticity which they develope with that excited by the vibrations 
of this second system. In one word, the variations of inclination 
of the surface of the waves relatively to the axes of the vibrating 
medium, causing no change in the elastic force so long as the 
direction of the molecular displacements remains the same, the 
problem always reduces itself to the comparison of the elastici- 
ties put in play by two systems of waves whose surfaces are 
parallel, and whose vibrations make with each other any angle 
whatever. Now, the elasticities excited by two systems of similar 
waves which coincide as to their surfaces, but whose vibrations 
are performed in different directions, are evidently to each other 
as the forces produced by the successive displacements of a 
single molecule along the former and the latter direction. In 
fact, consider the stratum situated in the primitive position of 
equilibrium, and with regard to which the parallel strata have been 
displaced; in both cases it is the same strata of the medium which 
have become displaced and by equal quantities, but according 
to two different directions. Now, on considering these two modes 
of displacement, we may apply to the influence exerted on each 
molecule of the immovable stratum by one of the other strata, 
the theorems we have demonstrated for the action of any mole- 
cular system whatever on a material point which has been 
slightly disturbed from its original position, since this is equiva- 
lent to leaving this point fixed and displacing all the other mole- 
cules of the system by the same quantity. Thus we may calcu- 
late and compare, according to these theorems, the actions 
exerted by any stratum on the fixed stratum; and the actions 
of the other strata will be in the same ratio, since their displace- 
ments are supposed equal in the two cases. Consequently the 
elasticities put into play by the two undulatory movements are 
to each other as the elasticities which would be excited by the 
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two successive displacements of a single molecule along similar 
directions ; and we may apply to the complex displacements re- 
sulting from luminous waves the principles before demonstrated 
for the case where one molecule is disturbed from its position 
of equilibrium, whilst all the others remain fixed. 

This being established, let us take the three axes of elasticity 
of the vibrating medium as coordinate axes, and denote by 
a’, b?, c? the elasticities put into play by vibrations parallel to 
the axes of x,y,z, so that the corresponding velocities of pro- 
pagation, which are proportional to the square roots of the elas- 
ticities, are represented by a, b,c: we propose to determine 
the elastic force resulting from vibrations of the same nature, 
but parallel to any other direction whatever, making with these 
axes the angles X, Y, Z. I take as unity the amplitude of 
these vibrations, or the constant coefficient of the relative dis- 
placements of the parallel strata of the medium; for in order to 
compare the elasticities, it is necessary to compare the forces 
resulting from equal displacements. This coefficient being equal 
to 1, those of the components parallel to 2, y and z will be 
cos X, cos Y, cos Z. We know besides that these forces will 
have the same directions, according to the characteristic pro- 
perty of axes of elasticity. 

Hence, denoting by (/) the resultant of these three forces, we 
shall have 

f= Vd'.cos?X+6'.cos? Y +c*.cos?Z; 


and the cosines of the angles which this resultant makes with 
the axes of x, y, z, will be respectively equal to 
a?.cos X b?.cos Y c?.cosZ 
For? Fis Foliin 
We see that in general this resultant has not the same direction 
as the displacements which have produced it. But we can 
always decompose it into two other forces, one parallel and the 
other perpendicular to the direction of the displacements. If 
the second force be found at the same time normal to the plane 
of the wave, it will no longer have any influence on the propa- 
gation of luminous vibrations, since according to our fundamental 
hypothesis, the luminous vibrations are performed solely in the 
direction of the surface of the waves. Now we shall take care 
to reduce to this case all calculations relative to the velocities of 
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propagation; for this reason we shall now confine ourselves to 
the determination of the component parallel to the displace- 
ments. 

The angles which this direction makes with the axes are 
X, Y, Z; the cosines of the angles which the same axes make 
with the resultant are 


a?.cos X b?.cos Y c?.cosZ 
fie. td yal, flak dng Sega 
consequently the cosine of the angle which this resultant makes 
with the direction of displacement is equal to 


a?.cos?X +6?.cos* Y +c? .cos*Z 

Sl ERE OO 
Now this cosine must be multiplied by the force f to obtain its 
component parallel to this direction; the component sought is 
therefore equal to 

a? .cos* X + b?. cos? Y + c*.cos* Z. 
If we denote by v? this component of the elastic force, in order 
that the corresponding velocity of propagation may be repre- 
sented by v, we shall have 
v? = a?.cos? X + b?.cos*? Y + c*. cos? Z. 


Surface of Elasticity, whichrepresents the Law of the Elasticities 
and of the Velocities of Propagation. 


I shall suppose a surface to be constructed according to this 
equation, each radius vector of which, making angles equal to 
X, Y, Z with the axes of 2, y, z, has for its length the value of v: 
we may call it the surface of elasticity, since the squares of its 
radii vectores will give the components of the elastic force in the 
direction of each displacement. 

If we conceive a system of luminous waves (always supposed 
plane and indefinite) which are propagated in the medium whose 
law of elasticity is represented by this surface, and draw through 
its centre a plane parallel to the waves, every component per- 
pendicular to this plane must be considered as having no in- 
fluence on the velocity of propagation of the luminous waves. 
The elastic force excited by displacements parallel to one of the 
radii vectores of this diametral section, may always be decom- 
posed into two other forces, one parallel and the other perpen- 
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dicular to the radius vector; the former is represented in mag- 
nitude by the square of the length of this radius vector itself; 
the second, not being perpendicular to the plane of the diame- 
tral section except for two particular positions, may be gene- 
rally decomposed into two other forces, one comprised in this 
plane and the other normal to the plane; this latter, as we have 
said, exerts no influence on the propagation of the luminous 
waves; but it is not so for the other component, which must be 
combined with the first component parallel to the radius vector, 
to obtain the whole elastic force excited in the plane of the 
waves. 

It will be remarked that in this general case, the elastic force 
which propagates the waves will not be parallel to the displace- 
ments which have produced it; whence would result, in the 
vibrations which pass from one stratum to another, a gradual 
change of their direction, and consequently of the intensity of 
the elastic force which they put in play, which would render 
very difficult the calculation of their propagation, and would 
prevent the application to it of the ordinary law, according to 
which the velocity of propagation is proportional to the square 
root of the elasticity put in play, a law whose applicability we 
have shown only for the particular case where the direction of 
the vibrations and the elasticity remain constant from one stra- 
tum to another. : 

But there exist always in each plane two rectangular direc- 
tions, such that the elastic forces excited by displacements parallel 
to each of them being decomposed into two other forces, one 
parallel, the other perpendicular to this direction, the second 
component is found perpendicular to the plane; so that the vi- 
brations are propagated solely by an elastic force parallel to the 
primitive displacements, which therefore preserves the same 
direction and the same intensity during their transit. Now 
whatever be the direction of the incident vibrations, they may 
always be decomposed along these two rectangular directions in 
the diametral plane parallel to the waves, and thus reduce the 
problem of their path to the calculation of the velocities of pro- 
pagation of vibrations parallel to these two directions; a calcu- 
lation easy to make according to the principle that the velocities 
of propagation are proportional to the square roots of the elasti- 
cities put into play, which principle then becomes rigorously 
applicable. 


286 FRESNEL ON DOUBLE REFRACTION. 


The small displacements parallel to the axes of any diametral 
section whatever of the surface of elasticity, do not tend to 
separate the molecules of the succeeding strata from the normal 
plane drawn through their direction. 


I shall now demonstrate that the greatest and least radius 
vector, or the two axes of the diametral section, possess the pro- 
perty just announced; that is to say, the displacements along 
each of these two axes excite elastic forces, the component of 
which perpendicular to their direction is found at the same time 
perpendicular to the plane of the diametral section. 

In fact, let x = By + Cz be the equation of the cutting plane 
passing through the centre of the surface of elasticity ; the equa- 
tion of condition which expresses that this plane contains the 
radius vector, whose inclinations to the axes of 2, y, z are respec- 
tively X, Y, Z, is 

cos X = B.cos Y + C.cos Z. 
We have, besides, between the angles X, Y, Z, the relation 

cos* X + cos? Y + cos*Z=1; 
and for the equation of the surface of elasticity, 

uv” = a cos* X + b?.cos? Y + c?.cos?Z, 
The radius vector (v) attains its maximum or its minimum when 
its differential becomes nothing; we have therefore in this case, 
differentiating the equation of the surface with respect to the 
angle X, 
Anes Sorat nn kd dZ 

O=a?.cos X sin X + 8?. cos YsinY. ax +c?,.cosZ.sinZ. qx: 
If we differentiate similarly the two preceding equations, we have 


Err @ 4 dZ, 
cos X sin X+cos YsinY. 7X +cosZ.sinZ. paw =30; 


—snxX+ BsinY. a= al GaStiVAe w= 0; 


whence we obtain for ay, and —~, the following values: 


d 
dX dX 
dY sin X (C cos X + cos Z) | 
dX ~ sin Y (B cos Z — C cos Y)’ 


and dai — sin X (B cos X + cos Y) 
dX ~ sinZ(Bcos Z —C.cos Y) * 
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Substituting these two values in the first differential equation, 
which expresses the common condition for a maximum or for a 
minimum, we find for the equation determining the direction of 
the axes of the diametral section, 


a? cos X (B cos Z — C cos Y) + 0? cos Y (C cos X + cos Z) 
een ecos 2 (b cos & cosy) S90.) 0 arr) (A) 


Let us now conceive a plane drawn through the radius vector, 
and the accelerating force developed by the displacements parallel 
to the radius vector; it is in this plane that we shall decompose 
this force into two others, the former in the direction of the 
radius vector, the second perpendicular to it; and if this plane 
is perpendicular to the cutting plane, it is clear that the second 
component will be normal to this latter. We proceed now to 
find the equation which expresses that these two planes are at 
right angles to each other; and if it agrees with equation (A.), 
we may conclude from it that the axes of the diametral section 
are precisely the two directions which satisfy the condition that 
the component perpendicular to the radius vector be at the same 
time perpendicular to the cutting plane. 

Let x = Bly + C's be the equation of the plane eae through 
the radius vector, and the direction of the elastic force developed 
by the vibrations parallel to the radius vector. The cosines of 
the angles made by this force with the three axes of coordinates 


are 
a?.cos X 6?.cos Y c?.cosZ | 


age 7 F 5) ys ? 


and since it is contained in the plane x = B! Y + C’Z, we have 


a’. eens =P. moet +O mom’ Be 

a?.cos X = B’. &?. cos Y + C’. c?. cosZ. 
This plane containing the radius vector, we have, similarly, 

cos X = B’.cos Y + C’.cosZ. 
From these two equations we obtain 
a® — c*) cosX a® — b*) cos X 
iy aon anal ae oe _ A cos Z" 
Substituting these values of B! and C’ in the equation 
BB'+CC+1=0, 

which expresses that the second plane is perpendicular to the 
first, we find 
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B (a? — c®) cos X cos Z — C (a? — 6?) cos X cos Y 
+ (6? — c?) cos Y cosZ = 0, 

a relation similar to that of equation (A.), which determines the 
direction of the axes of the diametral section, as may be easily 
seen by effecting the multiplications. Therefore the directions 
of these two axes do in reality possess the property announced ; 
whence it results that the parallel vibrations preserving always 
the same direction, have a velocity of propagation proportional 
to the square root of the elasticity put into play, a velocity which 
may then be represented by the radius vector (v). 


Determination of the Velocity of Propagation of plane and 
indefinite Waves. 


By the aid of this principle and of the equation of the surface 
of elasticity, whenever the three semi-axes a, b, c are known, it 
will be easy to determine the velocity of propagation of plane 
and indefinite waves whose direction is given. To this end, in 
the first place, a plane parallel to the waves is to be drawn 
through the centre of the surface of elasticity, and their vibra- 
tory motion decomposed into two others in the directions of the 
greatest and least axis of this diametral section. If we denote 
by (a) the angle made by the incident vibrations with the former 
of these axes, cos « and sin @ will represent the relative intensi- 
ties of the two components; and their velocities of propagation, 
measured perpendicularly to the waves, will be respectively equal 
to half of the semi-axis of the diametral section to which the 
vibrations are parallel. These two semi-axes being in general 
unequal, the two systems of waves will traverse the medium with 
different velocities, and will cease to be parallel on emerging 
from the refracting medium if the surface of emergence is oblique 
to that of the waves, so that the difference of velocities causes a 
difference of refraction. With regard to the planes of polariza- 
tion of the two divergent beams, they will be perpendicular to 
each other, since their vibrations are at right angles to each 
other. 


There are two diametral planes which cut the Surface of Elasticity 
in circles. 


t is to be remarked that the surface 
uv? = a?.cos* X + 6?.cos? Y + ¢?. cos? Z, 
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which represents the laws of elasticity of every medium whose 
molecular groups have their axes of elasticity parallel, may be 
cut in two circles by two planes drawn through its mean axis, 
and equally inclined to each of the other two axes. In fact, re- 
place the polar coordinates by rectangular ones in this equation, 
which then becomes 


a _ y? _ ae — a? a - 6? y? ae ch gan 
the circular section made in this surface may always be con- 
sidered as belonging at the same time to the surface of a sphere 
a +y?+2%=r?; its circumference therefore will be found 
at the same time in the cutting plane Z = Az + By, on the 
surface of the sphere and on the surface of elasticity. Com- 
bining the equations of these two surfaces gives 
rt = a2 2% + By? + 222; 

substituting in this equation the value of z obtained from the 
equation of the cutting plane, we have 


x? (a? + A? c?) + y? (6? + Bee*) + 2AB.c? .2zyar. . (1) 
On substituting this value of z in the equation of the sphere, 
we find for the projection of the same curve on the same plane 
of zy, 

a?(1 + A?) + 9?(1+ BY) +2AB.2y=r7..... (2) 
Since the two equations (1.) and (2.) must be identical, we have 
14+B? 6?+B%c? 2AB_ 2AB.c? . ‘iran “yt 

PY A? at fp Ate?” 1+ A?” a? + A?c?? 14+A? a?+A?c* 

The second condition can be satisfied only by A=0 or B=0, 
since otherwise it would be necessary to make c? + A?c? = a? + 

A?c?, or a?=c?, constant quantities of which we cannot dispose. If 
we suppose A = 0, we obtain from the first equation of condition 
an nih Gon UP oni imaginary quantity (6)\be'thé middle 


DB? 
c? — 6? 


axis, since in that case the two terms of the fraction placed 
under the radical are of different signs. Hence if we suppose 
a>band b>c, we must make B = 0, whence we obtain for A 
a? — 5? 
F— 

B = 0 indicates that the cutting plane must pass through the 
axis of y, or the mean axis of the surface of elasticity ; the two 
equal values with contrary signs which we find for A, that is to 


the real value A = + 
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say, for the tangent of the angle which this plane makes with 
the axis of x, show that there are two planes equally inclined to 
the plane of x y, which satisfy the condition of cutting the sur- 
face of elasticity in a circle, and that there are only these two 
planes. Every other diametral section has therefore two unequal 
axes; so that the waves which are parallel to it may traverse the 
same medium with two different velocities, according as their 
vibrations have the direction of one or the other of these axes. 


The Double Refraction becomes nothing for Waves parallel to the 
two circular sections of the Surface of Elasticity. 


On the contrary, waves parallel to the circular sections must 
always have the same velocity of propagation in whatever direc- 
tion their vibrations be performed, since the radii vectores of 
each section are all equal to each other; and, moreover, their 
vibrations cannot undergo any deviation in passing from one 
stratum to another, because the component perpendicular to 
each of these radii vectores is at the same time perpendicular to 
the plane of the circular section; for we have demonstrated by 
the preceding calculations that this condition was fulfilled when 
the differential of the radius vector became equal to zero. Now 
this is what takes place for all the radii vectores of the circular 
sections, since their length is a constant quantity. Consequently, 
if a crystal be cut parallel to each of the circular sections of the 
surface’ of elasticity, and if we introduce into it perpendicularly 
to these faces rays polarized in any azimuth whatever, they will 
not undergo in the crystal either double refraction or deviation 
of their plane of polarization. Hence these two directions will 
possess the properties of what have been improperly called the 
axes of the crystal, and which I shall name optic aves, to distin- 
guish them from the three rectangular axes of elasticity, which 
ought, in my opinion, to be considered as the true axes of the 
doubly-refracting medium. 


There are never more than two optic axes in refracting media 
whose axes of elasticity have everywhere the same direction. 


A remarkable consequence of the calculation which we have 
made is, that a body constituted as we suppose it to be, that is 
whose particles are arranged in such a manner that the axes of 
elasticity for each point of the vibrating medium are parallel 
throughout its whole extent, cannot have more than two optic 
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axes. They are reduced to one only when two of the semi-axes 
a, 6, c of the surface of elasticity are equal to each other; when 
a = 4, for example, A = 0, the two circular sections coincide 
with the plane of 2y; and the two optic axes which are per- 
pendicular to them coincide with the axis of z, or the axis (c) 
of the surface of elasticity, which becomes then a surface of 
revolution. 

This is the case of those crystals which are designated by the 
name of wni-axal crystals, such as calcareous spar. When the 
three axes of elasticity are equal to each other, the equation of 
the surface of elasticity becomes that of a sphere; the forces no 
longer vary with the direction of the molecular displacements, 
and the vibrating medium no longer possesses the property of 
double refraction. This is what appears to be the case in all 
bodies crystallizing in cubes. 

As yet we have calculated only the velocity of propagation of 
luminous waves measured perpendicularly to their tangent plane, 
without seeking to determine the form of the waves in the inte- 
rior of the crystal and the inclination of the rays to their surface. 
Whilst it is sought only to calculate the effects of the double 
refraction for incident waves which are sensibly plane, that is to 
say, which emanate from a luminous point sufficiently far off, it 
is sufficient to determine the relative directions of the plane of 
the wave within and without the crystal, since we thus find the 
angle which the emergent wave makes with the incident wave, 
and consequently the mutual inclination of the two lines along 
which the visual ray or the axis of a telescope must be suc- 
cessively directed, in order to obtain the line of sight (voir le 
point de mire), first directly, and then across the prism of cry- 
stal; I say the prism, for if the plate of crystal had its faces 
parallel, the emergent wave would be parallel to the incident 
wave, in the case we are considering, where the luminous point 
is supposed at an infinite distance, whatever in other respects 
might be the energy of the double refraction and the law of the 
velocities of propagation in the interior of the crystal. 

‘There cannot therefore be any sensible angular separation of 
the ordinary and extraordinary images in this case, except inas- 
far as the crystallized plate is prismatic; and to calculate the 
angles of deviation of the ordinary and extraordinary beams, 
which by their difference give the angle of divergence of the two 
images, it is sufficient to determine the velocity of propagation 
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of each system of waves in the crystal from the direction of its 
plane relatively to the axes. 


Demonstration of the Law of Refraction for plane and indefinite 
Waves. 


Let, for example, I N (fig. 7) be the plane of the incident wave, 
which I suppose for greater simplicity parallel to the face by which 
Fie. 7 it enters the prism of crystal BA C, whose 

a <n 
axes moreover have any directions what- 
ever; all the portions of this wave will ar- 
rive simultaneously at the plane A B, and 
it will not undergo any deviation of its plane 
in penetrating and traversing the crystal. 
This will no longer be the case when it 
emerges from the prism: to determine the 
direction of the plane of the emergent wave, 
from the point A as centre and with radius AE equal to the 
path described by the light in the air in the time during which 
the wave advances from B to C, describe the are of a circle, to 
which through C draw the tangent C E; this tangent will indi- 
cate precisely the plane of the emergent wave, as is easily proved*. 
If we consider each disturbed point of the surface AC as be- 
coming itself a centre of disturbance, we see that all the small 
spherical waves thus produced will arrive simultaneously at C E, 
which will be their common tangent plane: now, I say that this 
plane will be the direction of the total wave resulting from the 
union of all these small elementary waves, at least at a distance 
from the surface of considerable magnitude relative to the length 
of an undulation; in fact, let H be any point of this plane for 
which I seek to determine in position and in intensity the re- 
sultant of all these systems of elementary waves. The first ray 
arrived at this point is that which has followed the direction 
GH perpendicular to CE; and the rays g H and g' H, starting 
from other points g and g' situated on the right and left of G, 
will be found behindhand in their route by a whole or fractional 
number of undulations, so much the greater as these points are 
further off from the point G. If now CA be divided in such a 
manner that there may be always a difference of a semi-undula- 
tion between the rays emanating from two consecutive points of 


* I suppose the plane of the figure perpendicular to the two faces of the 
prism. 
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division, it is easy to see that by reason of the distance of H, 
which is very great relative to the length of an undulation, the 
small parts into which we have divided C A will become sensibly 
equal to each other for rays which make slightly sensible angles 
with GH. We may therefore admit that the rays sent by two 
consecutive parts will mutually destroy each other as soon as 
they have a sensible obliquity to GH; or, more rigorously, 
that the light sent by one of these parts will be destroyed by the 
half of the light of that preceding it, and the half of the light of 
that succeeding it; for its magnitude differs only from the arith- 
metical mean of those between which it is situated by a very 
small quantity of the second order. Moreover, the rays sent by 
these three parts must have sensibly the same intensity whatever 
be the law of their variation of intensity round the centres of 
disturbance, since, being sensibly parallel to each other (by reason 
of the distance of H), they are in the same circumstances*. 

Moreover, it results, from the nature of the primitive vibratory 
motion which gives rise to all these centres of disturbance, and 
the oscillations of which are necessarily repeated by them, that the 
elementary waves which they send to H will carry to that point 
absolute velocities alternately positive and negative, which will 
be the same in magnitude, and will differ only in sign. The 
same will be the case for the accelerating forces resulting from 
the relative displacements of the molecules, which will be equal 
and of contrary signs for the two opposite movements of the 
primitive wave. Now this equality between the positive and 
negative quantities contained in each complete undulation, is 
sufficient in order that two systems which differ in their route 
by a semi-undulation may mutually destroy each other when 
they have besides the same intensity. Hence all the rays sensibly 
inclined to G H will mutually destroy each other, and only those 
which are almost parallel to it will concur effectually in the 
formation of the resultant system of waves. 

They may then be considered in the calculation as having equal 
intensities, and the integration be made between the limits of 
positive and negative infinity in the two dimensions, employing 

* We may make the same observation with regard to the intensities of these 
rays as with regard to the extent of the portions of A C which send them, by 
remarking that the rays of the two consecutive portions differing only in in- 
tensity by an infinitely small quantity of the first order, the intensity of the 
rays of an intermediate part differ only by an infinitely small quantity of the 


second order from the mean between the intensities of the rays of the two ad- 
jacent parts. 
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the formulz which I have given in my memoir on Diffraction. 
But, without recurring to these formule, it is evident beforehand 
that if the intensity of the incident wave A B is the same in all 
its parts, the elements of the integration will be the same for the 
different points #', H, h, &c. of the emergent wave situated at a 
sufficient distance from the surface C A, whatever in other re- 
spects may be the form of the integral; and that consequently 
the intensity and the position of the resultant wave will be the 
same in each of these points; it will therefore be parallel to C E, 
the geometrical locus of the primitive disturbances ; the formulze 
of integration place it at a quarter of an undulation behind this 
plane; but this does not alter its direction, which alone deter- 
mines that of the visual ray, or of the axis of the telescope by 
which is observed the line of sight*. 

Thus the sines of the angles BAC and CAE, made by the 
refracting surface with the incident and refracted waves, are to 
each other as the lengths C B and A E, that is to say, as the ve- 
locities of propagation of light in the two contiguous media. 

We see, then, that in order to calculate the prismatic effects 
of doubly-refracting media, when the point of sight is at an infi- 
nite distance, and the incident wave consequently plane, it is 
sufficient to know the velocity of propagation of the ordinary and 
extraordinary waves in the interior of the crystal for each direc- 
tion of the plane of the wave, this velocity being measured per- 
pendicularly to this plane. Now these things are given by the 
greatest and smallest radius vector of the diametral section made 
in the surface of elasticity by the plane of the wave. But when 
the point of sight is very near the refracting medium, and we 
employ a crystal whose double refraction is very strong, such as 
calcareous spar, in which the curvature of the waves differs 
greatly from that of a sphere, it becomes necessary to know the 
form of these waves. 


Principle which determines the direction of the refracted rays, 
when the point of sight is not sufficiently distant to allow of the 
curvature of the luminous waves being neglected. 


In order that I may be more easily comprehended, [ shall 
take a very simple case, that in which the point of sight (point 


* T have thought it advisable to repeat here, in an abridged form, the expla- 
nation which I have given of the law of Descartes for ordinary refraction, in 
the last note of my memoir on Diffraction, in order to save the reader the 
trouble of referring to it. 
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de mire) is situated in the interior of the crystal, or else against 
its lower surface. Let M (fig. 8) be the luminous point, EC 
the upper surface of the plate by Fic, 8. 

which the rays emerge; let M a, a 
MA, Mad’ be rays starting from 
the luminous point, and following 
such a course as to strike against 
the opening 60! of the eye or of 
the object-glass of the telescope. 
I suppose that the curve 4 B 0! re- 
presents the geometrical locus of 
the disturbances which arrive first, ren from the refracting 
surface EC; it will be parallel, as we have seen, to the resultant 
wave of all the elementary disturbances. Now it is on the direction 
of the element of the emergent wave which falls on the opening of 
the pupil that the position of the image of the luminous point on 
the retina depends, and consequently that on which depends the 
direction of the visual ray which is perpendicular to the element 
of the wave. It is therefore the direction of this element, or of 
its normal, that we have to determine. This normal is the ray 
AB of swiftest arrival at the middle B of the element, since this 
element is the tangent to the sphere described from A as centre. 
We have then only to seek amongst all the broken rays Ma B, 
MAB, M a'B, for that which will bring the first disturbance to 
B, and its direction outside the crystal will be that along which 
will be seen the object. 

But the section made in the surface of elasticity does not fur- 
nish immediately the quantities necessary for determining the 
intervals of time comprised between the arrivals of the disturb- 
ance from M at the points a, A, a’; for it does not give the ve- 
locity of propagation except the direction of the cutting plane, 
or of the element of the wave to which it is parallel, be known; 
and it is to be remarked, moreover, that the velocity of propa- 
gation has always in this construction been supposed to be 
reckoned on the perpendicular to the plane of the wave, whilst 
here it would be necessary to have it on the direction of the ray, 
for, as we have just said, the problem consists in finding the ray 
of first arrival. It is therefore necessary to calculate, in the first 
place, the velocities of propagation of the wave, whose centre is 
in M, along the different rays M a, M A, M d’, that is to say, the 
lengths of these rays comprised between the centre M and the 
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surface of the wave at the end of a given time, or in other terms, 
the equation of the surface of the wave. 


Theorem on which depends the calculation of the Surface of the 
Waves. 


Let C (fig. 9) be a centre of disturbance, A R B D the position 
of the wave emanating from C at the end of the unit of time, 
which I take sufficiently great for the distance of the wave from 
the point C to contain several undulations, or in other words, so 
that the length of an undulation may be neglected with regard 
to this distance. 

Now conceive a 
plane and indefinite 
wave ON passing 
through the same 
point C; at the end 
of the unit of time, 
I say, this wave will 
have been trans- 
ferred parallel to it- 
self into the position 
(on) tangent to the 
. curve ARBD. In 
fact, let R be the point of contact, and let us seek for the resultant 
of all the systems of elementary waves emanating from the different 
points of ON which arrive at R; it is seen that, for the reasons 
previously explained, it will only be such rays as cR, ¢' R, of small 
inclination to C R, that will-concur in an efficacious manner in 
composing the oscillatory motion in R. Let ¢ and ¢' be two centres 
of disturbance, whence come these rays whose inclinations to 
C R are small; at the end of the unit of time they will have sent 
forth the two waves ar dd and a'r'd' d', absolutely parallel to 
the wave ARBD, and tangents to the same plane oz in the 
points r and 7’. Hence they will arrive at R rather later than 
the wave emanating from C; C Ris therefore the path of quickest 
arrival of the disturbance at R. It is to be remarked, in the 
first place, that everything is symmetrical on all sides of the 
minimum throughout a small interyal such as that we are con- 
sidering, and that hence the oscillatory movements which come 
by the corresponding rays ¢ R and ¢c' R, and are slightly inclined 
to the plane on, will together form resultant motions exactly 
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parallel to this plane, like the oscillatory movement which comes 
from C. The same may be said of any other two corresponding 
points situated out of the plane of the figure; therefore already 
the oscillatory motion will have the same direction as it must 
have in the plane on. With regard to the positicn of the re- 
sultant wave, it will be found in arrears of the point R by a 
quarter of an undulation, on integrating parallely and perpen- 
dicularly to the plane of the figure; but in a calculation where 
we have considered the length of an undulation as a quantity to 
be neglected with regard to the distance C R, we may say that 
the wave O N has in fact arrived at R at the end of the unit of 
time. By going through a similar reasoning for each of the 
other points of on, it might in the same way be proved that the 
disturbances resulting from all those which start from O N arrive 
there also at the end of the unit of time, and that consequently 
the entire wave is found at this instant transported to on. We 
might demonstrate in the same way that every other plane wave 
P Q passing through the point C would, at the end of the unit 
of time, be in the parallel position pq, tangent to the same curve 
surface AR BD; therefore this surface must be a tangent at 
the same time to all the planes occupied at the end of the unit 
of time by all the plane indefinite waves which have started from 
C. Now we know their relative velocities of propagation mea- 
sured in directions perpendicular to their planes, and we may 
consequently determine their positions at the end of the unit of 
time, and obtain therefrom the equation of the surface of the 
wave emanating from the point C. In this manner the question 
is reduced to the calculation of an enveloping surface. 


Calculation of the surface of waves in doubly-refracting media. 


Consequently the equation of a plane which passes through 
the centre of the surface of elasticity being z = mw + ny, that 
of the parallel plane to which the surface of the wave must be a 
tangent, will be z= mz + ny + C, C being so determined that 
the distance of this plane from the origin of coordinates may be 
equal to the greatest or least radius vector of the surface of 
elasticity comprised in the diametral plane z = max + ny. 

The equation of the surface of elasticity, referred to the three 
rectangular axes of elasticity, is 

uv? = a®. cos? X + b*.cos* Y + c?. cos? Z. 
Let x =a.zand y = #.z be the equations of a straight line 
x 2 


298 FRESNEL ON DOUBLE REFRACTION. 


passing through its centre, that is to say, of a radius vector; be- 
tween a, 8 and X, Y, Z we have the following relations :— 


BA pi at a Yes es ars 27.2 ean 
1402+,” —e ~ L402 +p? Cee ye ee 
Substituting these values of cos? X, cos? Y, cos? Z in the above 
equation, it becomes 

(1+? +B) = aad + B+ e 
This is also the polar equation of the surface of elasticity, but in 
which the cosines of the angles X, Y, Z, which the radius vector 
makes with the axes, have been replaced by the tangents («) and 
(8) of the two angles which its projections on the coordinate 
planes x z, yz make with the axis of z. 

When the radius vector (v) attains its maximum or its mini- 
mum, dv = 0; hence, on differentiating this last polar equation 
of the surface of elasticity, we have for the equation of condition, 

2 d 2) Sei 23,48 
uv (2+6.9° =a?.a+b Boa 


a 


cos? X = 


The radius vector whose equations are v = az, y = Bz, being 
necessarily contained in the cutting plane z= ma + ny, we have 
“l=ma+nB; 
an equation which gives by differentiation 
O=m.da+n.dB; 
whence a = ot substituting in the above differential equa- 
tion, we find 
v?(e.n—B.m)=a?.an— b?.Bm. 
If we combine this relation with the equation 1 = ma + 28, we 
tind the following values for « and 6 :— 
(6?—v?) m (a?—v?) n 
We shall observe in passing, that these expressions being of the 
first degree, («) and (8) cannot have more values than (v*). Now 
on substituting them in the place of («) and (6) in the equation 
of the surface of elasticity, we find 
(a®—v*) (c?—v?) n? + (6?—v*) (c?—v?) m? 
+ (@2—v?) (=p) =0...., » sven) 
This equation being only of the second degree with regard to 
(v2), can give only two values for it; hence there are only two 


a 
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different elasticities and two directions of the radius vector which 
satisfy the condition of a maximum or a minimum. It is easy 
to perceive, without calculating the double values of («) and of 
(8), that these two directions must always be at right angles to 
each other; for it results from the general theorem concerning 
the three rectangular axes of elasticity, that if we consider only 
the displacements which are performed in one plane and the 
components comprised in the same plane, not considering the 
forces which are perpendicular to it, it contains always two rec- 
tangular directions, for which the resultant of the components 
comprised in this plane acts along the line of the displacement 
itself. Now these directions are precisely those which we have 
just sought; since, as we have shown, every small displacement 
parallel to the greatest or least radius vector of any diametral 
section whatever, excites in the plane of this section a force 
parallel to the same radius vector, the other component being 
always perpendicular to this plane. 


Media constituted as we have supposed cannot give more than 
two images of the same object. 


Hence the two modes of vibration, which are propagated 
without deviation of their oscillations or change of velocity, are 
performed in directions at right angles to each other, that is to 
say, in the most independent manner; and since, besides, there 
are only two values of (v?) or of the elasticity which they put in 
play, there can be only two systems of waves parallel to the plane 
of the incident wave, whatever be the original direction of the 
vibratory motion, since it can always be decomposed along these 
two directions. If therefore a crystal constituted as we suppose 
the vibrating medium to be, that is so that the axes of elasticity 
are parallel throughout its whole extent, be formed into a prism, 
there can never be seen but two images of a very distant point 
of sight. The same is also true when this point is so near to 
the crystal as to render it necessary to take into account the 
curvature of the wave. 

In fact, it results from the principle of the path of quickest 
arrival, and from the construction deduced from this by Huy- 
gens for determining the direction of the refracted ray, that the 
number of images is equal to the number of points of contact of 
the tangent planes, which can be drawn on the same side through 
a straight line to the surfaces of the different waves into which 
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: 


the light divides itself in traversing the crystal. Now it is evi- 
dent that through the same straight line, and on the same side 
of their common centre, there can only be drawn to them two 
tangent planes; for if three of these could be drawn, it would be 
equally possible to draw three parallel tangent planes on the 
same side of the centre of the waves, whence would result three 
different distances of these tangent planes from the centre, and 
consequently three velocities of propagation for the indefinite 
plane waves parallel to one and the same plane, and we have 
just shown that there cannot be more than two of these. For 
the same reason there cannot be more than two points of contact, 
for the existence of three points of contact would render possible 
that of three parallel tangent planes. 


Calculation of the surface of the waves, continued. 


But in calculating the equation of the surface of the waves, 
the degree of this equation will show us still more clearly that it 
is impossible to draw to them, through one straight line, more 
than two tangent planes on the same side of the centre. 

The equation of a plane passing through the centre of the 
surface of elasticity being 

Z=mM2+ny, 
that which determines the two values of the greatest and least 
radius vector comprised in this diametral section is, as we have 
seen, 
(a? —v?) (c?—v?) n2 ge (6?—v?) (c? —v?) m? 
4: (a? v4) (6? 0") 2:0. sos oaphip ae) 
We have already put for the equation of a plane parallel to the 
section, 
zs=me+ny+C; 
the square of the distance of this plane from the origin of coor- 
2 
dinates is represented by i 
the plane parallel to the diametral section is distant from it by 
a quantity equal to the greatest or least radius vector, it is suffi- 
cient to write 
C?2 
1 + m + n? 
Hence the equation of this plane, to which the luminous wave 
must be tangent, becomes 


(¢— ma —ny)? =v? (1+ m+n). 2 oe (B)) 


; hence to express that 


= vu, or C? = v? (1 + m? + 2%), 
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The equation (A.) gives (v?) as a function of (mm) and (x). If 
we make (m) and (n) vary successively by a very small quantity, 
we shall have two new tangent planes very near the former, and 
the common intersection of these three planes will belong to the 
surface of the wave. We must then, in the first place, differen- 
tiate equations (A.) and (B.) with regard to (m), supposing (7) 
constant, which gives 


(zs —ma—ny)e+vm-+ (1 + m? + 12) 222 i | age A Py 
BEY (Lent) (P08) + (L+m?) (P08) + (nP+28) (209) ] 


te es) m= 0.0 6 SS OA ef) 
Differentiating afterwards with regard to (n), without making 
(m) vary, we find in the same way, 


Bed ayy tin + mien) ao) ME gare Ts) 


udu 
dn 


[ (1 +-n2) (a2 —v2) + (1 +m?) (6°02) + (m+n?) (2%) ] 
— (a?—v) (®@—v*)n = 0. 2 2 wee eee (AY) 


If we now eliminate ee between equations (A’.) and (B!.), and 


d 
4 between equations (A,.) and (B,.), two new equations will be 
obtained, containing only the variable quantities (v), (m) and (7), 
besides the rectangular coordinates x, y, 2; and joining them to 
equations (A.) and (B.), we shall have four equations between 
which we may eliminate v, m and n. The relation obtained by 
this elimination between the coordinates w, y and z will be the 
general equation of the waves, and will belong at the same time 
to the surface of the ordinary wave and to that of the extraor- 


dinary wave. 


Another method of calculating the surface of the waves. 

This direct method seems necessarily to lead into calculations 
of harassing length, in consequence of the number of quantities 
to be eliminated and the degree of the equations. We may, it 
is true, eliminate (v®) between equations (A.) and (B.) before dif- 
ferentiating them, which gives an equation of the fourth degree 
in (m) and (n). 

A more simple equation, and of the third degree only, is 
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arrived at by following another method. An equation of the 
first degree in (v*) is easily obtained by causing the cutting plane, 
and therefore the tangent plane which is parallel to it, to vary, 
so that (dv) may be nothing; then the common intersection of 
the two successive positions of the tangent plane is the tangent 
which passes through the foot of the perpendicular dropped from 
the origin of coordinates on the tangent plane; and this tangent 
passing through the point of contact, may serve to determine its 
position as well as the tangent plane, and by the same method 
of differentiation and elimination. 
If we differentiate equation (A.), considering (v) as constant, 

we find 

dn _— -m(b® — v?) 

dm ——_n(a2?—v*)* 
Differentiating in the same way the equation (B.) of the tangent 
plane, we have 

dn vm +ue(z—-me—ny) 


dm = wn+y(z—ma—ny)- 


Equating these two values, we get the relation 
[un + y(z¢—ma—ny) | (6? —v?)m 
= [vUm+a(e—ma—ny)] (@—v*)n, 
in which the two terms containing (v*) destroy each other, and 
which becomes 
mn (a? — 6?) v? + (e —ma—ny) (my — na) v? 
+(zg—max—ny) (nax®*—mby’?) =0; 
(z—max—ny)?* 
1+ m+ n? 
common factor (ze —ma#—ny), 


or, putting for v? its value , and suppressing the 


(z —max —ny)? (my —nx) + mn (a? — B?) (z —ma2—ny) 

+(na«—mb’y) (ltm+n)=0... . (C.) 

Now, to obtain the surface of the wave, it is sufficient to differ- 

entiate this equation successively with respect to (m) and (n), 

and afterwards to eliminate (m) and (n) by aid of these two new 
equations. 

Having found the equation of the surface of the wave by a 

much shorter process, it was sufficient for me to verify it by its 


satisfying equation (C.), in which (m) and (n) represent the a 


and i of the surface sought. I have followed this synthetical 
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method because it appeared to be simpler than elimination; yet 
nevertheless the calculations into which it led me are so long 
and tedious that I do not think it advisable to give them here. 
I shall content myself with saying that the condition expressed 


_by the equation (C.) is satisfied by the following equation :— 


ca gk y? ate 2”) (ara a b? y? ae oe" sn ar (B? ae c?) Wri 

— 8? (a? + c*) y? — c (a? + 8) 2? + a? Bc? = 0. . (D.) 
I had arrived at this equation by determining first the intersec- 
tion of the surface of the wave with each of the coordinate planes, 
an intersection which presents the union of a circle with an 
ellipse. I remarked afterwards that a surface offering the same 
character was obtained by cutting the ellipsoid by a series of 
diametral planes, and drawing through its centre perpendicu- 
larly to each plane radii vectores equal to half of each of the 
axes of the diametral section; for the surface which passes 
through the extremities of all these radii vectores thus deter- 
mined, gives also the union of a circle and an ellipse in its inter- 
section with the three coordinate planes; it is moreover of the 
fourth degree only, and the identity of the sections made by the 
three rectangular conjugate diametral planes in these two sur- 
faces would have been to me a sufficient proof of their identity 
if I had been able to demonstrate that the equation of the wave 
could not surpass the fourth degree, a result which seemed to 
follow from the conditions themselves of its generation; since 
there are only two values for the square (vu?) of the distance of 
the origin from the tangent plane, so that the surface cannot 
have more than two real sheets; but as it was not impossible 
that the equation sought might contain besides imaginary sheets 
(nappes), it was necessary to obtain direct proof, as I have done, 
that the equation of the fourth degree, to which the ellipsoid 
had conducted me, satisfied equation (C.), which expresses the 
generation of the surface of the wave. 


Very simple process which leads from the equation of an 
ellipsoid to that of the wave surface. 


The calculation by which I arrived at equation (D.) is so simple, 
that I think it right to give it here. 
I take an ellipsoid which has the same axes as the surface of 
elasticity ; its equation is 
BP a? +0? c? y? + a? 2? = a? 6? c*, 
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Let z= px +qy be the equation of the cutting plane; the 
squares of the two axes of the section are given by the following 
relation, 
a? (B2 — 72) (c2 — 7°) p? + B (a2 — 7) (2 — 79) g? 
+ c? (a? — r*) (6 —r?) = 0, 

in which (r) represents the greatest and least radius vector of 
this elliptical section. 

The equations of a straight line drawn through the centre of 
the ellipsoid perpendicular to the cutting plane, are 


= —pz,andy=—q2; 
whence p = — 2 gq=— = and substituting these values in 
the above equation, we have 
a? x (B? pe. r?) (c? ba. r?) fe b2 y? (a? pen 7) (c? aa r?) 
+ ce? 2 (a? — 7’) (0? — r?) = 0; 
or, effecting the multiplications, 
(a? a te &? y? ak (2 2?) y* 
ae [ a? (6? 4b c?) x oe b? (a? ae e) y? ate ce (a? — b?) al | 2 
+ 0c («+ y? + 2) =0. 
Finally, observing that 7* = z* + y® + 2*, and suppressing the 
common factor (a? + y? + 2*), we arrive at the equation (D.), 
(e aL y? ae 2) (a ar == By? ae ez) ses az (2? + c?) x 
—P(?@+e)yr—(?4+0)24+0CPC=0. 
If we wish to refer the surface of the wave to polar coordinates, 
we must put (7) in the place of (w* + y® + 2°), and substitute 
for 2, y®, 2 their values r?cos? X, r?cos* Y, r?cos*Z, which 
gives the following equation, 
(a? cos? X + 6? cos® Y + c®. cos? Z) 74 
— [a? (0? +c?) cos? X + B? (a? +c?) cos? ¥ + c? (a? + 6) cos? Z] 7? 
tn bec =O, 
by the aid of which we may calculate the length of the radius 
vector of the wave, that is to say, its velocity of propagation 
reckoned along the direction of the luminous ray itself, when we 
know the angles which this latter makes with the axes of elasti- 
city of the crystal. 
It is easy to assure ourselves that the intersections of the sur- 
face represented by the equation (D.) with the coordinate planes 


FRESNEL ON DOUBLE REFRACTION. 305 


are composed of a circle and an ellipse; in fact, if we, for 
example, suppose z = 0 in it, we find 

(a2 a2 + b? y?) (a2 +-y?) —a? (02 +02) a®@—B2 (2&4) y2 +02 =0, 
: (2a? + By? — aD) (a2 +2 —C) =0, 

an equation compounded of the equation to a circle whose radius 
is (c), and of that to an ellipse whose semi-axes are (a) and (6). 


The equation of the Wave Surface cannot be decomposed into 
two rational factors of the second degree, except when two of 
the axes of elasticity are equal. 


But the general equation to the surface of the wave is not, 
like those of its intersections, always decomposable into two 
rational factors of the second degree, as I have assured myself 
by the method of indeterminate coefficients ; this decomposition 
can only be effected when two of the axes are equal. Suppose, 
for example, that b = c, the equation (D.) then becomes 

[a? a + 5? (y? + 2*)] (x? ee y? ak 2?) —_ 2a? b? x? 

— 8 (a2 + 3B) (2 +22) +0h=0; 

or 
(a? + 9? + 2) [ata? + 82 (y? + 22) — 2B] 

iol 6? [a? x? ie b? (y? ae 27) =e a? b?] — 0; 

or, lastly, 
(a? + y2 + 2? — B) [a2 a? + 2? (y? +2°) — ab] = 0, 

an equation which is the product of that of a sphere by that of 
an ellipsoid of revolution. . 


The construction of Huygens, which determines the path of 
swiftest arrival, or the direction of the refracted ray, is appli- 
cable to bi-axal crystals as to calcareous spar, and in general 
to all waves of any form whatever. 


It is to these two surfaces that a tangent plane is successively 
drawn, in the construction given by Huygens for Iceland spar. 
In the general case of bi-axal crystals, that is to say, when the 
three axes of elasticity are unequal, we must draw a tangent 
plane to each of the two sheets of the surface represented by the 
equation (D.); and by joining the points of contact with the 
centre of the surface, we shall have the directions of the two 
paths of swiftest arrival, and consequently of the ordinary and 
of the extraordinary ray. I employ here the received expression 
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“ordinary ray,” although in reality in this general case neither 
of the two beams of light follows the laws of “ ordinary” refrac- 
tion, as we conclude from the equation. 

The position of the straight line through which the tangent 
plane must be drawn is determined here, as in the construction of 
Huygens, that is to say, we must take on a direction R’T (fig. 10.), 
parallel to the incident rays, a quantity BT equal to the space 
described by the light outside the crystal during the unit of time ; 
then through the point B draw perpendicularly to these rays the 
plane A B, which will represent an element of the incident wave 
at the commencement of the unit of time, supposing A B very 
small relatively to the distance of the luminous point. 

Now if through the point T a straight line be drawn parallel 
to the intersection of this plane with the face of the crystal, this 
line projected in T (the plane of the 
figure being supposed perpendicu- 
lar to the intersection of the plane 
AB with the surface AT of the 
crystal) will be the intersection of 
the surface with the element AB 
of the wave at the end of the unit 
of time; it is therefore through this 
straight line that a tangent plane 
must be drawn to the waves formed 
in the crystal at the end of the same 
interval of time, and whose centres 
are situated on the first intersection A. The points of contact 
M and N with the two sheets of the surface of these waves, will 
determine the two directions A N and A M of the two refracted 
rays, which in general will not coincide with the plane of the 
figure. 

The same construction will be applicable to waves of any form 
whatever; and the general principle of the path of swiftest arrival 
reduces all problems on the determination of refracted rays to 
the calculation of the surface which the wave assumes in the 
refracting medium. 


Fig. 10. 


Determination of the axes of elasticity, and of the three con- 
stants a, b and c in the equation to the wave. 


For the case which forms the object of this memoir, the sur- 
face of the wave is represented by the equation (D.); the direc- 


- 
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tions of its axes are given by observation, and will probably 
aiford in each crystal a very simple relation with its lines of cry- 
stallization and its faces of cleavage*; two of these axes divide 
into two equal parts the acute and obtuse angles comprised be- 
tween the two optical axes, the direction of which may be deter- 
mined immediately by observation, and the third axis of elasticity 
is perpendicular to the plane of the two optical axes. 

The directions of the axes of elasticity may also be found by 
observing those of the planes of polarization of the emergent 
light by the aid of a very simple rule relative to these planes de- 
duced by M. Biot from his experiments, and which is found to 
be a consequence of our theory, as we shall soon demonstrate. 
As to the constants a, , c, or the three semi-axes of the surface 
of elasticity, they represent by hypothesis the velocities of pro- 
pagation of vibrations parallel to the axes of x, y and z, that is 
to say, the spaces which they describe during the unit of time. 
These velocities may be determined in several ways. The most 
direct is to measure successively the velocities of the rays refracted 
parallel to each of the axes of elasticity, and whose vibrations are 
parallel to one of the other two axes. For this purpose may be 
employed the ordinary observations of refraction, or the more 
delicate process furnished by the principle of interferences, and 
which allows of the most minute differences of velocity being 
estimated. In traversing the crystal parallel to the axis of x, the 
light assumes two velocities, which being measured give (6) and 
(c); parallel to the axis of y these two velocities are (a) and (c), 
and parallel to the axis of z they are (a) and (4). Hence two of 
these measurements, made with care, are, rigorously speaking, 
sufficient to determine the three quantities a, b and c. 


* It would seem that the axes of elasticity should always assume directions 
symmetrical with regard to the corresponding faces of the crystal, that is to say, 
that they should be axes of symmetry for the form, as they are for the elasticity ; 
yet M. Mitscherlich has observed several crystals in which the line which divides 
into two equal parts the angle of the two optical axes, is not found directed 
symmetrically with regard to the corresponding faces of crystallization. 

+ In saying that the simple and elegant construction given by M. Biot for 
determining the planes of polarization is a consequence of our theory, I do not 
mean it to be understood that I have any right to participate in the honour of 
this discovery, since the labours of M. Biot on double refraction are much ear- 
lier than mine. I mean simply to state that the law which he had found flows 
necessarily from the theory which I have set forth; and that we have here a 
striking confirmation, and not merely a fact which, by the help of an arbitrary 
constant or by the addition of a subsidiary hypothesis, is made to coincide with 
the calculation. 
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We may deduce from the construction of Huygens applied 
to equation (D.) general formulz, which give the direction of the 
refracted rays for all directions of the incident rays, and of the 
surface of the crystal relatively to these axes, as Malus has done 
for Iceland spar, where the extraordinary wave is an ellipsoid of 
revolution. I have not calculated these formule, of which I had 
no need, in order to verify my theory on topaz. In general, so 
long as we are concerned with crystals whose double refraction 
is feeble, and when we confine ourselves to the investigation of 
the divergence of the two beams obtained by forming the crystal 
into a prism, it is sufficient to determine, in the first place, ap- 
proximately the direction of the luminous ray in the interior of 
the crystal by the law of Descartes, with the index of refraction 
of the ordinary or extraordinary rays; and when we thus know 
the approximate direction of the refracted ray, we may calculate 
the two corresponding velocities by means of equation (D.), or 
the two velocities of the wave measured perpendicularly to its 
plane by means of equation (C.), which represents the section 
made in the surface of elasticity by a diametral plane parallel to 


the wave, and in which (m) and (m) are given as soon as we know © 


the direction of the refracted wave. These two velocities once 
known, it becomes easy to deduce from them the direction and 


the divergence of the two beams, or of the two systems of emer-- 


gent waves. 

If greater accuracy however were desired, it would be necessary 
to determine with the velocity thus calculated a new and more 
approximate direction of the ray or of the plane of the wave in 
the crystal, and calculate afresh the corresponding velocity by 
the aid of equation (D.) or of equation (C.), according as we wish 
to obtain the velocity measured on the ray or the normal to the 
plane of the wave; then we can deduce from this the direction 
of each of the two emergent beams. This method is quite as 
accurate and much less laborious than employing the formule of 
which we have spoken, which would be doubtless very compli- 
cated. It may also be applied to crystals whose double refrac- 
tion is more powerful, by repeating the operation a sufficient 
number of times. 

When it is sought to verify the law of the velocities by an ex- 
periment of diffraction, it is sufficient to consider the velocity of 
propagation of the refracted wave measured perpendicularly to 
its plane. This is even the most simple method, since the ex- 


—— 
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periment gives immediately the difference between the numbers 
of the undulations performed within the thickness of the plates ; 
whence it is easy to conclude immediately the difference of route 
of the two systems of waves, since these numbers are equal to 
the thickness of the plate divided by the two lengths of undula- 
tion, or the two velocities measured perpendicularly to the plane 
of the waves, whatever besides may be the obliquity of the rays 
to the surface of the waves. Suppose, for example, that a plate 
of crystal with parallel faces A B F D (fig. 11) is traversed per- 
pendicularly by a beam of light coming from a point so distant 
that we may consider as a plane the small extent of the incident 
wave A B, which undergoes refraction: the refracted wave will 
be in all its successive positions 
plane and parallel to AB; conse- 
quently it will be sufficient to know 
the velocity of propagation of this 
wave measured along C D perpen- 
dicularly to A B, to ascertain what 
relative time it has employed in tra- 
versing the thickness of the plate, 
or what number of undulations it 
has performed in it. It is useless 
to calculate the oblique direction 
ED, by which the refracted rays have arrived at D, opposite the 
slit T made in the screen; but if this route were known, instead 
of employing the velocity deduced from the equation to which we 
have referred, and in which it is supposed to be reckoned on the 
normal to the wave, it would be necessary to make use of the 
velocity given by equation (D.), where it is reckoned on the direc- 
tion of the ray ED, and we should evidently arrive at the same 
result. 


Fig. 11. 


Definition of the word “ Ray.” 


The word “ray” in the wave theory must always be applied 
to the line which goes from the centre of the wave to a point of 
its surface, whatever besides may be the inclination of this line 
to the element on which it abuts, as Huygens has remarked ; 
for this line offers, in fact, all the optical properties of that which 
is called the ray in the emission system. Hence, when it is 
wished to translate the results of the former theory into the lan- 
guage of the latter, it must always be supposed that the line 
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described by the luminous molecules on the emission hypothesis, 
has the same direction as the ray drawn from the centre of the wave 
to the point of its surface under consideration. That which we 
have previously said to establish this principle will have perhaps 
appeared sufficient ; we think it useful nevertheless to support 
it yet further by a new consideration drawn from another mode 
of judging by experiment of the direction of the refracted ray. 


New consideration, which shows further that the radius vector 
of the surface of the wave is really the direction of the luminous 
ray. 

Suppose, as just now, that the incident wave is plane and 
parallel to the surface of entry of the crystal, but that the screen, 
pierced by a small hole, is placed on the first face, instead of on 
the second; and that we wish to judge of the direction of the 
ray refracted through the point D (fig. 12), where the light thus 
introduced strikes against the second face. The point which 
will be regarded as answering to the axis of the luminous beam 
will be the centre D of the small bright and dark rings projected 
on the face F D; and it is in this central point that the maximum 
of light will be found if the hole mx is sufficiently small relative 
to the distance E D. The position of the centre D is determined 

Fig. 12. by the condition that the rays start- 
ing from the different points m and 

n of the circumference of the opening 

arrive at the same time at D. This 

point must be the most strongly 
illuminated spot so long as the dia- 
meter of the opening is sufficiently 
small with regard to the distance E D for the difference of route 
between the rays starting from the centre and circumference, not 
to exceed a semi-undulation. Now, in order to compare the 
route of the elementary disturbances which emanate from the 
various parts of the surface of the wave comprised within the 
extent of the small opening, we must consider the waves which 
they would produce separately in the same interval of time, and 
thence conclude the difference between their moments of arrival 
at D. Let 7 Ds be the elementary wave, having for centre the 
middle E of the opening ; if a tangent plane F D be drawn to it 
parallel to the incident wave AB, the point of contact D will 
satisfy the condition just announced ; for the elementary wave 
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which has started from E will be that which will arrive there 
the first; and by reason of the general property of maxima and 
minima, all the differences will be equal and symmetrical at a 
small distance round the shortest path ED; that is to say, the 
elementary waves which have started from points (m) and (n) 
equally distant from E will be found behindhand by the same 
quantity at D relatively to the wave which started from E, and 
will therefore arrive at D in the same time. It is also in the 
neighbourhood of a minimum or maximum of a function that its 
variations are the least sensible; D will therefore be the point 
for which there will be the smallest possible differences between 
the paths described at the same instant by the elementary waves 
which have started from the opening mn; and consequently it 
is there that the most perfect accordance between their vibrations 
will exist, if, as we have supposed, the greatest differences do 
not exceed a semi-undulation. It is at D therefore that the 
maxinum of light will be found, and consequently E D will be, 
for this reason as well as for all the others, the direction of the 
luminous ray in the crystal. Now if the screen be removed, it 
will still be true that the refracted rays which start from the 
various points of the incident wave, considered then as indefinite, 
are parallel to KE D, that is to say, to the radius vector directed 
towards that point of the surface of an interior wave for which 
the tangent plane is parallel to the refracted wave. 

The meaning to be attached to the word “ luminous ray” being 
thus settled, we see that the ellipsoid constructed on the same 
rectangular axes as the surface of elasticity, gives rigorously, 
by the two semi-axes of its diametral section, the velocities of 
the refracted rays perpendicular to this section, as the analogous 
construction made in the surface of elasticity gives the velocities 
of propagation of waves parallel to the diametral section, these 
velocities being reckoned perpendicularly to the plane of the 
waves. Thus understood, the first construction is a mathematical 
consequence of the second, and represents the phenomena in as 
rigorous a manner, whatever may be the energy of the double 
refraction or the inequality of the three axes a, , c. 

In translating into the language of the emission system the 
law of Huygens for the double refraction of Iceland spar, M. de 
Laplace has found, by an elegant application of the principle of 
least action, that the difference between the squares of the velo- 
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cities of the two beams, ordinary and extraordinary, is propor- 
tional to the square of the sine of the angle which the extraor- 
dinary ray makes with the axis of the crystal. Guided by ana- 
logy, M. Biot has thought that in bi-axal crystals the same dif- 
ference ought to be proportional to the product of the sines of 
the angles which the extraordinary ray makes with each of the 
optic axes, a product which becomes equal to the square of the 
sine when these two axes are united into one only. M. Biot has 
verified this law by numerous experiments, having for their 
object to determine the angle of divergence of the ordinary and 
of the extraordinary beam. He has compared these measures 
with the numbers deduced from the law of the product of the 
sines by the principle of least action, and has always found a satis- 
factory accordance between the results of calculation and those of 
experiment. In transforming the formule given previously by Sir 
David Brewster, M. Biot has discovered that the law of the pro- 
duct of the sines to which he had been led by analogy, was im- 
plicitly contained in the more complicated formule deduced by 
Sir David Brewster from his observations; hence the experi- 
ments of the Scotch experimenter, as well as those of M. Biot, 
establish the accuracy of the law of the product of the sines. 
In order to translate it into the language of the wave theory, it 
must be recollected that in it the velocities of the incident and 
refracted rays are in the inverse ratio of that which they would 
have in the emission system ; hence, the difference of the squares 
of the velocities of the ordinary and extraordinary beam, consi- 
dered under the point of view of this system, answer in that of 
the wave system to the difference of the quotients of unity divided 
by the squares of the velocities of the same rays. Now I shall 
demonstrate that this latter difference must be in reality equal 
to a constant factor multiplied by the product of the two sines, 
according to the construction which I have given for determining 
the velocity of the luminous rays by a normal section made in 
the ellipsoid constructed on the three axes of elasticity. 


Theoretical Demonstration of the Law of MM. Biot and Brewster 
on the difference of the squares of the velocities. 


Let BB! and C C’ (fig. 13) be the greatest and least diameters 
of the ellipsoid: the former I always take for the axis of (x), and 
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the second for the axis of (z), the Fig. 13. 
mean diameter coinciding with the 
axis of (y), projected in A,the centre ol 


of the ellipsoid. If we give the 
name of optic axes of the medium | 
to the directions along which the ~ 
luminous rays which traverse it can 
have only one velocity, those which 
possess this property are, according 
to the construction which deter- 
mines the velocity of the luminous rays, the two diameters of the 
ellipsoid perpendicular to the circular sections. Next, let the 
equation to the ellipsoid be 
FH 4 o:7 Paes =. 

If in this we put y = 0, we shall have fz? + hz*=1 for the 
equation to the ellipse C M B N C’ M' B’N’ situated in the plane 
of the figure, which we shall suppose to coincide with that of # z. 
The two diametral planes M M! and N N’, which cut the ellipsoid 
in a circle, pass through the mean axis projected in A, and must 
be inclined to the axis of 2 at an angle (i), such that the semi- 
diameters A M and A N may be equal to the mean semi-axis of 
the ellipsoid, or that the squares of the former may be equal to 


the square of the latter, which is = Denote AM or AN by 


(r), we shall have 
z=rsini, and z=,7 cosi. 
Substituting these values in the equation to the ellipse fx? 
+ hz* = 1, we have 
S?* .cos?i + hr? sin?i = 1; 
_oagealige | 
or, since 7? = —, 
g 
foos?i + h.sin?i=g; 
whence we obtain 


: Se et 
sin ya 


Hence the equation to the plane AM isz=-2 £ — g ; and 
—h 


I= nega =e 


cos? 4 = é 
~ f-W g—h 


that to the plane A N of the other circular section z= —~, net ; 
g—h 


x2 
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Let y=px + qz be the equation to a diametral plane drawn 
perpendicularly to a luminous ray of any direction; we have to 
calculate the difference between the two quotients of unity divided 
successively by the squares of the semi-axes of its elliptical sec- 
tion, as a function of the angles which this plane makes with the 
two circular sections ; for these angles are equal to those which 
the normal to this plane, or the luminous ray, makes with the 
normals to the two circular sections, that is to say, with the two 
optic axes of the crystal. Now if we denote by (m) the angle 
contained between the plane y = p 2 + q z, and the circular sec- 
tion M M’, and by (x) the angle which it makes with the other 
circular section N N’, we have 


aVi=—o—9 Vg 
Vf—hx Vi+p +g? 


cos im = 


and 
pVvf-g+qVg—h 
Vf—-hx Vit p?+@ 


cos zi = 


whence we have 
qg 


2 (f—g) (cos n — cos m)? 
p> (g —h) (cosn + cos m)” 


and 


(f—h) (g—h) (cosu+ cosm)? 
Let us now calculate the two diameters of the elliptical section, 
which give the velocities of the ordinary and extraordinary ray 
perpendicularly to the plane of this section. ‘To this end it is 
sufficient to form the polar equation to the ellipsoid, and to seek 
the maximum and minimum values of the radius vector in this 
plane. Let x = ay and z = fy be the general equations to the 
radius vector; the square of its length will be equal to 2*+ y?+ 2? 
or to y*(1+a*+ 6), (y) corresponding to the point of intersec- 
tion of the straight line with the surface of the ellipsoid. The 
equations to the straight line and to the surface being true at 
the same time for this point, we have y? (fa? + h6? +g) =1; 


whence we obtain y? = , and consequently the 


1 + a? + f? 
SEe+heP+yg 


1 
FELINE SG 


square of the radius vector is equal to » an eXx- 
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pression which we shall put equal to 4, so that the variable (¢) 


may represent unity divided by the square of the radius vector. 

We obtain thus the polar equation of the ellipsoid 
feth@+y =t (1+2+6%), 

of which Petit has made so elegant an application to the general 

discussion of surfaces of the second degree. 

To express that the particular radius vector we are considering 
is contained in the plane y=px+qz, we must write l=pa+qf; 
an equation which being differentiated with respect to («) and 
(8) gives 


If we differentiate in the same way the polar equation of the 
ellipsoid, considering (8) and (¢) as functions of («), we have 


2fat2Zhp.- ae ==(1+ a? + 6") | ot pote +2¢. = 
or, putting for a the above value — 7 
dt 


Qqfa—2phB—2tqa+ 2tpB = (1l+a’?+/P?) Ta? 
whence we get 
dt _ 2gfa—2phB—2tqat2tpp 
aa. 1+a?+? 
When the radius vector attains its maximum or its minimum, 


(¢) is at its maximum or minimum, and consequently = = 
a 


therefore 
2qfae—2phB—2iqa+ 2tppB=O, 


ag (t—f)—Bp (¢—h) =0. 
If we join to this relation the equation of condition, 
pe+qs=1, 
which expresses that the radius vector is contained in the plane 
of the elliptical section, we obtain the following values of («) 
and (8), corresponding to the maximum and minimum values 
of the radius vector, 


p(t —h) ie q (¢—f) 
pt—h)+¢et—fy ~~ 


or 


. 
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We may put the polar equation of the ellipsoid under the form 
a? (t—f) +B° (¢—h) +t—-g=03 
and substituting for («) and ie their values, we have 
a a (¢—f) +9 @—f)* (tf) 
(on ) Le? (¢—-A) +9? Cf) P=0 


t—f) (t—h) [p* (t—-A) +? (t—f)] 
+(¢—g) [p? t-h) + (¢ hier 
or lastly, suppressing the common factor p? (t— +g (¢—f), 
(t—f) (¢—h) + p? (¢—g) th) +¢° (tf) ¢—-g) =0, 

an equation of the second degree, which ought to give at the 
same time the maximum and minimum values of (¢), that is to 
say, the two values of (¢) which correspond to those of the semi- 
axes of the elliptical section. 

We may divide this equation by (p*), and put it under the 
form 


or 


t—f) (th). ) peo —1) +45 (tf) (tg) =0. 


And substituting for FS and 4 the values which we have above 


found in functions of the angles (m) and (n), we arrive, after 
several reductions, at the equation 


2—t.[f+h—(f—h)cosn.cosm| + fh-+—(cos*n + cos*m) (f—h)? 
~ Fe0sn .cosm (f? — h?) = 0; 


whence we obtain 


t=5.(f+h) — 


—_ 


a (fh) cos 2. COS m 


(f —h) /1 + cos? 2 cos? m — cos? n — cos? m, 
or 


1 : ? 
= = (fh) — = (fh) cosn cosm + fo h) sinn. sin m* ; 


* The two values of (¢), which give the quotients of unity divided success- 
ively by the squares of the velocities of the ordinary and of the extraordinary 
ray, may be #3 aa the following iy 3s _ 


= => ft) =SG=p cos (m + n), 


and Bi acl 
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therefore the difference between the two values of (¢), or the 
quantity sought, is equal to 
(f — A) sinn.sinm; 

consequently this difference is proportional to the product of the 
sines of the two angles (m) and (n) ; which was to be proved. 

The angles concerned are those which the common direction 
of the ordinary and extraordinary rays makes with the two dia- 
meters of the ellipsoid perpendicular to the circular sections, 
which diameters we have called optic axes, admitting that this 
name ought to be given to the two directions along which the 
luminous rays traverse the crystal without undergoing in it any 
double refraction. But it is to be remarked that in general these 
rays meet the element of the surface of the luminous waves to 
which they correspond obliquely. Now we have previously 
pointed out, that if the surface of the crystal were parallel to this 
element or to its tangent plane, the normal direction would be 
that which must be given to the incident beam, in order that it 
might not undergo double refraction in penetrating into the 
crystal; whence it would appear that we ought also to give the 
name of optic axes to these two directions of the incident rays 
which do not coincide with the two normals to the circular sec- 
tions of the ellipsoid. Hence the direction of the optic axes 
would be different according as we determined it by the direction 
of the incident rays, perpendicular at the same time to the sur- 
face of the incident waves and the refracted waves, or by the 
direction of the refracted rays corresponding to these waves. In 
truth, this difference is very slight in almost all crystals with two 
axes; but there are some of them in which it becomes more per- 
ceptible, and where the two directions can no longer be con- 
founded. That to which it appears most fitting to give the name 
of optic axis of the crystal is the direction of the refracted rays 
which traverse it without undergoing double refraction. Adopt- 
ing this definition, the law of the product of the sines of the 
angles which any ray makes with the two optic axes, becomes a 
rigorous consequence of our theory, as we have just proved. 

Hitherto we have occupied ourselves solely with the velocity 
and the direction of the waves and rays: we now proceed to in- 
vestigate their planes of polarization. 
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Planes of Polarization of Ordinary and Extraordinary Waves. 


According to what we have said at the commencement of this 
memoir, in deducing our hypothesis as to the nature of luminous 
vibrations from the phzenomena presented by the interference of 
polarized rays, the plane of polarization must be parallel or per- 
pendicular to the direction of the luminous vibrations. It re- 
mains only to choose between these two directions that which 
agrees with the usual acceptation. Now the name plane of 
polarization of the ordinary beam in uni-axal crystals is given to 
the plane drawn through this beam parallel to the axis of the 
crystal; and it is clear that the ordinary vibrations, that is to 
say, those which always call into play the same elasticity, are 
the vibrations perpendicular to the axis of the crystal; in fact, 
in the case of crystals with one axis, the surface of elasticity be- 
comes a surface of revolution, and each diametral section has 
always its greatest or least radius vector situated on the inter- 
section of its plane with the equator; it is therefore this radius 
vector which remains constant, since the equator is a circle, and 
which consequently gives the direction of the ordinary vibra- 
tions; whence we see that these vibrations are always perpendi- 
cular to the axis of the crystal. Hence the plane drawn through 
this axis and the ordinary ray is perpendicular to these vibra- 
tions, since they are also perpendicular to the ordinary ray by 
reason of the sphericity of the wave to which they belong; but 
this plane is precisely, as we have just said, that which it has 
been agreed to call the plane of polarization of the ordinary ray ; 
hence we shall give the name of plane of polarization of a lumi- 
nous wave to the plane normal to the direction of its vibrations. 
This theoretical definition agrees with the meaning attached to 
the expression “plane of polarization” in the emission system, 
so long as the wave is spherical and its vibrations perpendicular 
to the luminous ray, because then the plane of polarization 
always passes through the ray; but when the vibrations are 
oblique to the ray, the plane of polarization, which ought to be 
perpendicular to them according to our definition, no longer 
contains the luminous ray, whilst in the emission system it is 
supposed to be always directed along this ray. Hence, the same 
direction precisely would not be assigned in the two theories to 
the planes of polarization of luminous rays in media where their 
waves no longer have the spherical form. But, in the first place, 
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this difference would be always very slight, because the surface 
of the luminous waves does not deviate much from the spherical 
form even in those crystals whose double refraction is most 
powerful ; in the second place, it becomes useless to take any 
account of it for the experiments made by M. Biot and the other 
experimenters on the direction of the planes of polarization of 
the ordinary and extraordinary rays, since it is always outside 
the crystal, and by the direction of the planes of polarization of 
the incident or emergent rays, that they have judged of the direc- 
tion of the planes of polarization of the refracted rays. Thus, 
for example, suppose that we wished to determine the planes of 
polarization of the ordinary and extraordinary refraction in a 
crystallized plate with parallel faces perpendicular to the incident 
rays. For this purpose it is sufficient to employ light previously 
polarized, and to turn the plate in its plane until the emergent 
beam, analysed by a prism or rhomboid of Iceland spar, no longer 
presents any trace of depolarization in consequence of its passage 
across the crystallized plate. When this condition is fulfilled, 
we may conclude from it that the plane of polarization of the 
refracted wave coincides with that of the incident wave. There 
are always two positions of the plate which satisfy this condition, 
and thus afford the means of tracing on the crystal the direction 
of the planes of polarization of the ordinary and extraordinary 
refraction. In this experiment, the incident wave being parallel 
to the faces of the crystallized plate, preserves this parallelism 
in traversing it; and if the direction of the vibrations of the in- 
cident wave coincides with that of one of the axes of the parallel 
diametral section made in the surface of elasticity, they will suf- 
fer no further deviation in traversing the crystal; in that case, 
the incident, refracted and emergent waves have all three the 
same plane of polarization, and their surfaces are parallel, although 
moreover the refracted rays may be oblique to their wave, and 
thus not be found on the prolongation of the incident and emer- 
gent rays. In this case, the definition of the plane of polariza- 
tion according to the emission system no longer gives rigorously 
for the plane of polarization of the refracted rays the same direc- 
tion as the definition drawn from our theory, although they agree 
in other respects as to the direction of the planes of polarization 
of the incident and emergent rays, the only ones which can be 
determined immediately by observation. 

Considering always as the true plane of polarization that which 
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is perpendicular to the luminous vibrations, I shall now prove 
that the planes of polarization of the ordinary and extraordinary 
waves divide into two equal parts the dihedral angles formed by 
the two planes drawn along the normal to the wave, and the two 
normals to the planes of the circular sections of the surface of 
elasticity. 


The rule given by M. Biot for determining the direction of the 
planes of polarization of the ordinary and extraordinary rays 
agrees with the theory set forth in this memoir. 


Suppose, in fact, that this surface be cut by a diametral plane 
parallel to the wave, the two axes of this section will give the 
directions of the ordinary and extraordinary vibrations; if then 
we draw through the centre two planes perpendicular to these 
two diameters, these will be the planes of polarization respect- 
ively of the ordinary and extraordinary vibrations. Now it must 
be remarked,—1st, that they will each pass through one of the 
axes of the section, since these latter are perpendicular to each 
other; 2nd, that the axes of the diametral section cutting it each 
into two symmetrical portions, must divide into equal parts the 
acute and obtuse angles formed by the two lines along which 
the plane of this section meets those of the circular sections, 
since in these two directions the radii vectores of the diametral 
section are equal to each other, as belonging at the same time to 
two circular sections which have the same diameter. 

This being established, conceive a sphere concentric with the 
surface of elasticity ; the plane of the diametral section, and the 
two planes of the circular sections, will trace on this sphere a 
spherical triangle, of which the side contained in the first plane 
will be divided into two equal parts by one of the planes of 
polarization ; its supplementary triangle will be that formed by 
the normals of these three planes drawn through the common 
centre, that is to say, which will result from the intersection of 
the spherical surface with the three planes drawn along these 
three normals taken two and two. Now the planes which divide 
into two equal parts the sides of the first triangle also divide 
into two equal parts the angles of the second; this is an easily 
proved property of supplementary triangles. Therefore the 
plane of polarization, which divides into two equal parts the 
side of the first triangle comprised in the diametral section, 
divides also into two equal parts the corresponding angle of the 
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second triangle, that is, the dihedral angle formed by the two 
planes drawn along the normal to the wave and the diameters 
perpendicular to the two circular sections; and for the same 
reason, the other plane of polarization will divide into two equal 
parts the supplement of this dihedral angle. 

M. Biot has deduced from his observations on the double re- 
fraction of topaz and several other bi-axal crystals, the following 
rule for determining the direction of the planes of polarization 
of the ordinary and extraordinary rays. 

‘Conceive a plane drawn through each of the axes of the cry- 
stal, and through the ray which undergoes the ordinary refrac- 
tion. Conceive through this same ray a third plane, which 
bisects the dihedral angle formed by the two former. The lumi- 
nous molecules which have undergone the ordinary refraction 
are polarized in this intermediate plane; and the molecules 
which have undergone the extraordinary refraction are polarized 
perpendicularly to the intermediate plane drawn through the ex- 
traordinary ray according to the same conditions.” (Précis Elé- 
mentaire de Physique Expérimentale, vol. ii. page 502.) 

The lines which M. Biot here calls the axes of the crystal, are 
those which we have called optic aves. We have remarked, that 
in order to assimilate in the best manner possible the language 
of the undulatory system with that of the emission theory, we 
ought to give the name of optic avis to the direction along which 
the luminous rays traverse the crystal without undergoing double 
refraction ; and adopting this definition, we have proved that the 
law of the product of the two sines is a necessary consequence 
of our theory. The same is not true for the rule of M. Biot 
relative to the determination of the planes of polarization. His 
enunciation does not exactly agree with the construction which 
we have deduced from the properties of the surface of elasticity ; 
because the dihedral angles bisected by the planes of polarization 
according to this construction are drawn along the normal to the 
wave and the two normals to the circular sections of the surface 
of elasticity, and in general the normal to the wave does not 
coincide exactly with the direction of the refracted ray, nor the 
normals to the circular sections of the same surface with the 
true optic axes, which are the perpendiculars to the circular sec- 
tions of the ellipsoid. In truth, the geometrical theorem which 
we have demonstrated for the surface of elasticity applies equally 
to the ellipsoid; but the greatest and least radius vector of the 
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diametral section made in the ellipsoid perpendicularly to the 
direction of the luminous ray, do not now give the direction of its 
vibrations; so that the planes which are perpendicular to them 
are no longer the true planes of polarization of the refracted 
waves. The rule of M. Biot therefore does not rigorously agree 
with our theory. But it must be recollected,—1st, that in the 
crystals employed by him, the normals to the circular sections 
of the surface of elasticity differ so little from the direction of the 
true optic axes, that they might be confounded without producing 
any sensible error in the direction of the planes of polarization ; 
2nd, that in the same crystals the rays directed along the 
optic axes are nearly normal to the corresponding waves; 3rd, 
that this skilful experimenter could only determine directly the 
plane of polarization of the incident or emergent beams, and not 
that of the refracted rays. The small differences which are here 
indicated to us by the theory, would doubtless be very difficult 
to observe, even in those bi-axal crystals whose double refraction 
is most powerful; for we cannot detergaae-very accurately by 
the known methods the direction of the plane of polarization of 
a luminous ray, and there is here an additional difficulty, that 
of fixing the direction of the plane of polarization in the interior 
of the crystal from observations made on the emergent rays. 
Hence, far from seeing an objection against our theory in the 
rule given by M. Biot, it ought rather to be considered as being 
a confirmation of it, since the small discordance which exists 
between them must necessarily have escaped his observations. 


Most crystals present but little difference between the planes of 
the circular sections of the surface of elasticity and of the 
ellipsoid constructed on the same axes. 

The two circular sections of the surface of elasticity are equally 
inclined to the plane of xy, which passes through the mean 
axis, and the tangent of this inclination is, as we have seen, 


ae: the tangent of the angle which the two circular 
b2 Se 
sections of the ellipsoid make with the same plane is equal to 
c a? — 6? 


am Poe We see by these formule, that when the double 


refraction is not very powerful, that is, when (c) differs little from. 


(a), “. being nearly equal to unity, the planes of the circular 
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sections of the two surfaces are sensibly coincident. For topaz 
the ratio <. is 0°9939; for anhydrous sulphate of lime, one of | 


the bi-axal crystals whose double refraction is most powerful ; 
this same ratio, according to the observations of M. Biot, is 
equal to 0°9725*. 


Observations on the route of the Waves and luminous rays in 
the direction of the optic axes. 


It is to the circular sections of the surface of elasticity that a 
plane wave must be parallel in the interior of a crystal, in order 
that it may be there susceptible of only one velocity of propaga- 
tion; and this condition is satisfied when the plate of crystal, 
cut parallel to the circular sections of the surface of elasticity, is 
presented perpendicularly to the luminous beam. But it is to 
be remarked that the ordinary and extraordinary rays resulting 
from it do not follow the same direction, and deviate a little, 
both the one and the other, from the normal to the circular sec- 
tion of the ellipsoid. This is more easily seen by a reference to 
fig. 14, which represents the intersection of the plane of x z with 
the two sheets of the wave surface, and in which the ellipticity 
of one of them is exaggerated to render the divergence of the 
rays more perceptible. 

This intersection is composed of a circle and an ellipse, whose 
equations are 

a? + 22 = 8, and a? 2? + ¢? 2? = a? c. 
The plane TS, drawn parallel to the circular section of the sur- 
face of elasticity, and distant from the centre A by a quantity 
equal to (4), touches at the same time the circle and the ellipse 


* According to the observations of M. Biot, the angle between the two optic 
axes in limpid topaz is 63°14'2", and in anhydrous sulphate of lime 44°41'22”, 
which gives 31° 37! 1" and 22° 20! 41” for the value of the angle whose tangent 


7. aaa te OR 
is represented by < ‘ / a ot it results from the same measures that the 
rma 


(XS S: 
and in the second 22°54’ 43”. Hence the difference of direction between the 
cireular sections of the ellipsoid and of the surface of elasticity is only 9! 24" for 
topaz and 34! 2" for anhydrous sulphate of lime. 

Nore.—The seconds marked in the value of the angles given by M. Biot, 
and which we have here transcribed, do not signify that the precision of measure- 
ment can be carried to this extent; for it is difficult even to determine the 
‘angle of the optic axes within half a degree nearly. 


angle which has for its tangent is in the former crystal 31°46! 25", 
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in E and O, the points of contact of this plane with the surface 
_ of the wave; hence the radii vectores A O and A E are the direc- 
tions of the ordinary and ex- 
traordinary rays which corre- 
spond to the plane wave TS, 
parallel to the circular section 
of the surface of elasticity; and 
they traverse the plate ¢s 7's! 
in the same interval of time, 
although by following differ- 
ent routes. The radius vec- 
tor AL, drawn to the point 
of intersection of the ellipse 
and circle, and for which the 
two values obtained from the 
equation to the wave become 
equal, is the direction along 
which the luminous rays can 
have only one velocity, and 
consequently that of the nor- 
mal to the circular section of the ellipsoid, which we have called 
the optic axis. We find for the tangents of the angles which 
these three radii-vectores make with the axis of 2, 


2 


a /P—c? a 
tan oat=S,/5 pe tan LAT=— 


aeons 


2 
We see that these expressions differ only by the factors = <, 


6? — c? 
eb” 


which in most crystals are very nearly equal to unity. 

All the ordinary and extraordinary rays parallel to L A tra- 
verse the crystal in the same interval of time and with the same 
velocity*, because they also follow the same path; but they 
necessarily diverge outside the crystal, because the two tangent 
planes drawn through the point L to the two sheets of the wave 
surface make with each other a sensible angle. On the con- 
trary, the rays A E and A O, which take also the same time in 


* Whatever be the directions of the faces of entrance and emergence, since 
these rays follow the same route I. A; whilst the rays E A and O A do not take 
exactly the same time to traverse the crystalline plate, except when its faces 
ts and t's! are parallel to one of the circular sections of the surface of elasticity. 


: 
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traversing the plate ¢st's', although both following different 
directions, again become parallel to each other outside the cry- 
stal. When the face of emergence of the refracting medium is 
made to vary its inclination, the ray EK A, and that one of the 
two rays LA which belongs to the same sheet E L, are refracted 
conformably to the law of Descartes, whilst the ray O A, and 
the other ray directed along LA which answers to the second 
sheet LO, are refracted extraordinarily. This establishes a yet 
further difference between the characters of the optic axes of 
uni-axal and bi-axal crystals; for in the former all the rays 
parallel to the optic axis in the interior of the crystal are refracted 
according to the law of Descartes, whatever be the direction and 
inclination of the face of emergence, because these rays being 
then parallel to one of the axes of elasticity, are perpendicular at 
the same time to the two sheets of the wave surface. 

Having dwelt on distinctions which the theory shows clearly, 
but which escape in most observations, and were not capable of 
being made evident by those of M. Biot, we proceed to consider 
for a moment the planes of polarization in a less rigorous man- 
ner, and adopt the rule which he has given for determining 
their direction, without any alteration of his enunciation, in 
order that we may be enabled to explain ourselves in a more 
simple and clearer manner, 


The rays named Ordinary by MM. Biot and Brewster are those 
whose variations of velocity have the least extent. 


As we have already remarked, there is no longer any ordinary 
ray, properly so called, in crystals with two axes, since neither 
of the two beams of light traverses the crystal with the same 
velocity in all directions; but that which is called the ordinary 
beam, by analogy with the term adopted for uni-axal crystals, is 
that whose variations of velocity are the least sensible. Now 
it is easy to see that this is the one whose plane of polarization 
bisects the acute dihedral angle comprised between the planes 
drawn through the direction of the luminous rays and the two 
optic axes; whilst the plane of polarization of the beam which 
undergoes the greatest variations of velocity, bisects the obtuse 
dihedral angle which is the supplement of the former. 

In fact, whatever be the direction of the first beam, its plane 
of polarization passing within the acute angle QA P (fig. 15) 
of the two optic axes, its trace on the plane of the figure is con- 
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tained in the interior of this angle; and consequently the pro- 
jection of the diameter of the ellipsoid perpendicular to the plane 
of polarization, which is normal to the trace of this plane, is 
Fig. 15. necessarily found to be con- 
tained in the acute angle MAN 
or M'AN’ of the two circular 
sections, since they are normal 
to the optic axes P P! and QQ’; 
therefore this diameter cannot 
meet the surface of the ellipsoid 
outside of the two parts whose 
projections have for their limits 
MB’N'A and MBNA; butif 
from the point A as centre, and 
with radius equal to that of the 
circular sections, a sphere be described, its surface will pass be- 
neath that of the ellipsoid in these two parts. 


Hence none of the diameters of the ellipsoid projected in the — 


angular space M A N, M! AN! will be smaller than the diameter — 
M M’ of the circular sections, which is equal to the mean axis _ 


of the ellipsoid; the length of the radii vectores corresponding 
to this part of the surface has therefore for limits, on one side 
the semi-major axis, and on the other the semi-mean axis. 

In the same way it might be shown that the length of the 
radii vectores which give the measure of the velocities of the 
second luminous beam, is comprised between the semi-mean 
axis and the semi-minor axis. Now, in the case represented by 
fig. 15, where the minor axis of elasticity divides the acute angle 
of the two optic axes, and the major axis the obtuse angle, there is 
a greater difference between the minor axis and the mean axis 
than between this latter and the major axis, as we see by the 


‘a? — & 
expression — / ae for the tangent of the angle which the 


planes of the circular sections make with the major axis; for 
this angle being less than 45° by hypothesis, we have c? (a?— 6?) 
Z a? (6? — c”), or nearly (a — 6) Z(b—c), suppressing the com- 
mon factors c (a + 4) and a (4 4+ c) as being sensibly equal. 
The reasonings we have entered into for the ellipsoid may be 
applied just as well to the surface of elasticity, which gives by 
the axes of its diametral sections the true directions of the lumi- 
nous vibrations, and consequently those of their planes of polari- 
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zation perpendicular to these vibrations. Only, the velocities 
which we should then consider would no longer be those of the 
luminous rays, but those of the waves measured on the normal 
to their surface ; and the two planes forming the acute and ob- 
tuse dihedral angles which the planes of polarization divide each 
into two equal parts, instead of passing through the luminous 
ray and the optic axes properly so called, would be drawn along 
the normal to the wave and the normals to the two circular sec- 
tions of the surface of elasticity. The tangent of the inclination 


‘ aes : : 2 — 5? 
of these sections to the semi-major axis (a) is equal to vif’ Roe, 


an expression less than unity when a? — J? is 2b? — c*, and 
greater when (a? — 8?) is 7 (6? — c?), or, which comes nearly to 
the same thing, when (a — 6) 7 (6— cc). In this second case, 
the angle of the two circular sections, or of their normals which 
contains the minor axis (c), is therefore obtuse, whilst it is acute 
in the first case. 

Hence the waves whose planes of polarization are comprised 
in the acute angle between the two planes drawn along the nor- 
mal to the wave, and the normals to the planes of the circular 
sections are those whose velocities of propagation vary between 
the narrowest limits, whilst the velocities of the waves whose 
planes of polarization pass within the obtuse dihedral angle un- 
dergo more extensive variations. It is therefore natural to call 
the rays corresponding to the former ordinary rays, and those 
of the other waves extraordinary rays, as M. Biot and Sir David 
Brewster have done. 


Particular case where there would no longer be any reasons for 
giving the name of ordinary ray to one of the two beams rather 
than to the other. 


A case is conceivable in which, the two beams undergoing 
variations of velocity equally extensive, there would no longer be 
any reason for giving the name of ordinary beam to one rather 
than the other; this would be the case if the two optic axes 
were perpendicular to each other, because then we should have 
c a> — : 
= Roe tbo c? (a? — b?) = a? (6? — c?);_ which sup- 
poses that (a — b) is very nearly equal to (4 — c), since we may 
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suppress the factors c? (a + 6) and a? (4 — ec) without sensibly 
altering the equation, so long as (a) does not differ much from 
(c), that is to say, so long as the double refraction has not a very 
great energy. 


When we have given the angle between the two optic axes, it is 
sufficient to know two of three constants, a, b, c, in order to 
determine the third. 

It is sufficient to know (a) and (c), that is, the greatest and 
least velocity of light in the crystal, together with the angle be- 
tween the two optic axes, to determine the other semi-axis (6), 
a* — 5 
b? — c” 
a known function of three quantities, a, bandc. It was by 
pursuing this method that I calculated, with the elements of 
double refraction given by M. Biot for topaz, the variations of 
velocity which the ordinary beam must undergo in it, before 
seeking to verify them by experiment, and I found them very 
nearly such as the calculation had given me. The theory also 
pointed out to me in what direction the ordinary beam had the 
most different velocities. 

For topaz it is the smallest axis of the surface of elasticity or 
of the ellipsoid which divides into equal parts the acute angle of 
the two optic axes, and the two limits of the velocities of the 
ordinary ray are (a) and (4); now the ordinary beam has the 
velocity (a) when it is parallel to the axis of (y), since (a) is the 
greatest radius vector of the perpendicular diametral section 
made in the ellipsoid, and since the corresponding plane of 
polarization, that is perpendicular to the radius vector (a), is 
also that of the ordinary beam, as passing within the acute angle 
of the two optic axes. The velocity of this same beam becomes 
equal to (2) when the light traverses the crystal parallel to the 
axis of (wv), because then the diametral plane perpendicular to 
this direction cuts the ellipsoid in an ellipse whose greatest 
radius vector is (b). Moreover, the plane perpendicular to (0), 
or the corresponding plane of polarization, belongs to the ordi- 
nary refraction ; for it is also contained in the acute angle formed 
by the two planes drawn along the luminous ray and each of the 
optic axes, a dihedral angle which then becomes equal to zero, 
these two planes becoming coincident with that of the two optic 


since the tangent of half this angle is equal to — 
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axes. Hence the theory announced that the ordinary beam must 
traverse the crystal, successively along the direction which 
bisects the obtuse angle between the two axes, and perpen- 
dicularly to their plane, in order to undergo the most perceptible 
variations of velocity ; and in accordance with this indication it 
was that I made the first experiment, by which I have proved 
the existence of these variations. 

I have also in my experiments particularly endeavoured to 
assure myself that the velocity of propagation of luminous waves 
depends solely on the direction of their vibrations, or on the 
plane of polarization in the crystal; and that so long as this 
plane does not change, the velocity of the rays remains constant, 
whatever moreover may be their direction. Diffraction afforded 
me very delicate methods for perceiving the slightest differences 
of velocity. In truth, topaz is the only crystal on which I have 
operated as yet; but I have sufficiently varied and multiplied 
my observations to assure myself at least that this theorem is 
rigorously exact in topaz; and it must be supposed by analogy 
that it is equally true for all other bi-axal crystals. Besides, 
without giving a complete demonstration of it, the mechanical 
considerations which I have set forth on this subject establish in 
its favour very strong theoretical probabilities. 


Reflections on the probabilities presented by the Theory 
explained in this Memoir. 


The theorem which I have given, so admissible from its very 
simplicity, the mechanical definition of luminous vibrations de- 
duced from the laws of interference of polarized rays, and the 
supposition that the homologous lines of crystallization are 
parallel throughout the whole extent of the refracting media 
which we have considered, are the three hypotheses, I might 
say the three principles, on which rests the theory of double 
refraction set forth in this memoir. If we had only to calculate 
one phznomenon, such as that of interferences, which depends 
solely on the nature of luminous vibrations, their definition 
would have sufficed for the explanation of the facts. But double 
refraction being the consequence of a particular constitution of 
the refracting medium, it was absolutely necessary to define this 
constitution, embodying however in the definition only that 
which was necessary for the explanation of the phenomenon. 


“2 
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The theory which we have adopted, and the very simple con- 
structions we have deduced from it, present this remarkable 
character, that all the unknown quantities are determined at the 
same time by the solution of the problem. We find at the same 
time the velocity of the ordinary ray, that of the extraordinary 
ray, and their planes of polarization. Philosophers who have 
studied with attention the laws of nature will feel that this sim- 
plicity, and these intimate relations between the various parts of 
the phenomenon, offer the greatest probabilities in favour of the 
theory by which they are established. 

A long time before having conceived it, and by the sole con- 
sideration of facts, I had perceived that the true explanation of 
double refraction could not be discovered without explaining at 
the same time the phenomenon of polarization which constantly 
accompanies it; thus it was after having -found what mode of 
vibration constituted the polarization of light, that I first caught 
sight of the mechanical causes of double refraction. It appeared 
to me still more evident that the velocities of the ordinary and 
extraordinary beams ought to be in some sort the two roots of 
one and the same equation; I have never been able to admit for 
a single instant the hypothesis, according to which there would 
be two different media, the refracting body and the ether which 
it contains, by one of which the extraordinary rays are trans- 
mitted, by the other the ordinary ones; in fact, if these two 
media could transmit separately the luminous waves, one does 
not see why the two velocities of propagation should be rigo- 
rously equal in the greater number of refracting bodies, and why 
prisms of glass, water, alcohol, &c. should not thus divide the 
light into two distinct beams. 

We have supposed it to be the same vibrating medium which, 
in bodies endowed with double refraction, propagates the ordi- 
nary and extraordinary waves, but without specifying whether 
the molecules of the body participate in the luminous vibrations, 
or whether these latter were alone propagated by the ether con- 
tained in the body; our theory is equally well conciliated with 
either hypothesis. It is indeed more easy to comprehend, in the 
first case, how the elasticity of one and the same refracting me- 
dium may vary with the direction along which the molecular 
displacements take place; but it is conceivable also, in the 
second, that the molecules of the body must influence the mutual 
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dependence of the strata of «ther between which they are 
situated, and that they may be arranged in such a manner that 
they weaken this mutual dependence, or elasticity of the ether, 
more in one direction than another. 

The phznomenon of dispersion proves that the rays of different 
colours or waves of different lengths do not traverse bodies with 
the same velocity, which arises doubtless from this, that the 
elasticity put in play by the luminous waves varies with their 
length. When the sphere of activity of the molecular actions is 
supposed infinitely small with regard to the extent of an undu- 
lation, analysis shows that the elasticity by which the waves are 
propagated does not vary with their breadth (Jargeur); but 
this is no longer true when the mutual dependence of the mole- 
cules extends to a sensible distance with regard to the length of 
an undulation. It is easy to prove that, in this case, the elasti- 
city put in play is rather less for narrow waves (étroites) than 
for broader waves, and that consequently the former must be 
propagated rather more slowly than the second, conformably to 
experiment*. It hence results that the three semi-axes a, 8, c, 
which represent the square roots of the elasticities put in play 
by the parallel vibrations, or the corresponding velocities of pro- 
pagation, must vary a little for waves of different breadths (Jar- 
geurs), according to the theory as well as to experiment; now it 
is possible that this variation may not take place according to 
the same ratio between the three axes, in which case the angle 
formed by the two circular sections of the ellipsoid with each 
other, and therefore the angle between the two optic axes, 
may no longer be the same for rays of different colours, as Sir 
David Brewster and Sir J. Herschel have remarked in the greater 
number of bi-axal crystals. 

The phznomenon of dispersion has perhaps yet other causes 
than that which we have just indicated ; but whatever they may 
be, we must still conclude from the observations of these two 
skilful experimenters, that the lengths of the semi-axes (a), (), 
(c) do not vary in the same ratio for waves of different breadths 
(largeurs) in crystals where the optic axes change their direction 

* The demonstration of this consequence of the theory forms the object of 
Note II. at the end of the memoir, [There are no notes at all to the memoir. 
Prof. Lloyd, in his Report on Physical Optics to the British Association, has 
remarked that “this demonstration is more than once referred to by the author 


as contained in a note appended to his memoir on double refraction. The note, 
however, probably by some oversight, has never been printed.”—Trans. ] 
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with the nature of the luminous rays; this is at least the only 
explanation which can be given of it according to the theory set 
forth in this memoir. 


The following Note refers to page 239, sentence beginning “M. de 
Laplace, considering double refraction in the emission-point of view,” 
&e. &e. 


With reference to this, Prof. Lloyd has the following note in his 
‘Report on Physical Optics to the British Association’ (Fourth Report, 
1834, p. 379). 

“Fresnel states, in the commencement of his ‘Memoir on Double 
Refraction,’ that Laplace had derived the velocity of the extraordinary 
ray in uni-axal crystals from the hypothesis of a resultant force acting 
in a direction perpendicular to the optic axis, and varying as the square 
of the sine of the angle which the ray makes with that line. I have 
not been able to discover, in any of Laplace’s writings, the discussion 
thus adverted to.” 

Laplace’s investigation is contained in the second volume of the 
Mémoires de Physique et de Chimie de la Société dArcueil, page 
111-143, from which the following extracts may probably interest the 
reader. After referring to the principle of least action, Laplace goes 
on to the particular hypothesis above alluded to :— 

“Mais une condition a remplir dans le cas de la réfraction extraordi- 
naire, est que la vitesse du rayon lumineux dans le cristal, soit indépen- 
dante de la maniére dont il y est entré, et ne depende que de sa posi- 
tion par rapport 4 l’axe du cristal, c’est-ad-dire de langle que ce rayon 
forme avec une ligne paralléle 4 l’axe. En effet, si l'on imagine 
une face artificielle perpendiculaire 4 l’axe, tous les rayons inté- 
rieurs également inclinés a cet axe le seront également a la face, 
et seront évidemment soumis aux mémes forces au sortir du cristal. 
Tous reprendront leur vitesse primitive dans le vide; la vitesse dans 
Vintérieur est done pour tous la méme. En partant de ces don- 
nées, je parviens aux deux équations différentielles que donne le prin- 
cipe de la moindre action, et dans lesquelles la vitesse intérieure est 
une fonction indéterminée de langle que le rayon réfracté forme 
avec l’axe du cristal. J’examine ensuite les deux cas les plus simples 
auxquels je me borne, parce quiils renferment les lois de réfraction 
jusqu’a présent observées. Dans le premier cas, le carré de la vitesse 
de la lumiére est augmenté dans l'intérieur du milieu, d’une quantité 
constante. On sait que ce cas est celui des milieux diaphanes ordi- 
naires et que cette constante exprime l'action du milieu sur la lumiére. 
Les deux équations précédentes montrent qu’alors les rayons incident et 
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réfracté sont dans un méme plan perpendiculaire a la surface du milieu, 
et que les sinus des angles qu’ils forment avec la verticale sont con- 
stamment dans le méme rapport. Aprés ce premier cas, le plus simple 
est celui dans lequel l’action du milieu sur la lumiére, est égale 4 une 
constante, plus un terme proportionnel au carré du cosinus de l’angle 
que le rayon réfracté forme avec l'axe; car cette action devant étre la 
méme de tous les cétés de l’axe, elle ne peut dépendre que des puis- 
sances paires du sinus et du cosinus de cet angle. L’expression du 
carré de la vitesse intérieure est alors de la méme forme que celle de 
laction du milieu. En la substituant dans les équations différentielles 
du principe de la moindre action, je détermiue les formules de réfrac- 
tion, relatives 4 ce cas, et je trouve qu’elles sont identiquement celles 
que donne la loi d’Huygens; d’ou il suit que cette loi satisfait a la 
fois au principe de la moindre action, et a la condition que la vitesse 
intérieure ne dépende que de l’angle formé par l’axe et par le rayon 
réfracté ; ce qui ne laisse aucun lieu de douter qu'elle est due a des 
forces attractives et répulsives dont l’action n’est sensible qu’a des 
distances ingensibles.” + 3 . £ = br 

“Dans l’intérieur du cristal, la vitesse ne dépend que des angles 
formés par la direction du rayon, et par des axes fixes dans l’intérieur 
du corps. Supposons qu'il n’y ait qu’un axe, et que V soit l’angle 
formé par cette axe et par la direction du rayon réfracté; v (the velo- 
city of the refracted ray in the interior of the crystal) sera fonction 
—— Nd = “ Ces deux équations donnéront 
la loi de la réfraction extraordinaire lorsque v sera donné en fonction 
de cos V, et réciproquement. De plus, elles satisféront a la condition 
que la vitesse du rayon lumineux dans l'intérieur du cristal ne dépende 
que de sa position par rapport a l’axe du cristal. Nous observérons ici 
que non-seulement v doit étre fonction de cos V, mais quil ne doit 
dépendre que des puissances paires de cos V; car nous avons observé 
ci-dessus que la vitesse v est la méme pour tous les rayons qui forment 
avec l’axe, le niéme angle.” 

It will be seen from these extracts, that Laplace supposes the action 
to be proportional to the square of the cosine of the angle made by the 
refracted ray with the axis, and not to that of the sine, as Fresnel 
states—TRANSLATOR’s Nove. 
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ARTICLE VII. 


On Interpolation applied to the Calculation of the Coefficients of 
the Development of the disturbing Function. By U.-J. Le 


VERRIER. 
(From a separate Treatise. Paris, 1841.] 


1. "THE determination of the periodical and secular inequali- 
ties of the planets is carried back, by the theory of the variations 
of the arbitrary constants, to the investigation of the develop- 
ment of certain expressions which are functions of the time and 
elements of the orbits. These functions are reduced into a series 
proceeding according to the sines and the cosines of the different 
multiples of the mean longitudes. And when the numerical va- 
lues of the coefficients of the principal terms of these series have 
been calculated, we easily arrive at the knowledge of the pertur- _ 
bations themselves of the planets. 

To obtain one of the coefficients in particular, the Mécanique 
Céleste supposes that we commence by forming its analytical ex- 
pression in function of the disturbing mass, of the semi-major 
axes, of the excentricities and the inclinations of the orbits of the 
two planets under consideration, in function of the longitudes of 
their perihelia and their nodes. his algebraical development, 
which rests wholly on the employment of Taylor’s theorem, offers 
no other difficulty than the length of the literal calculations. 
But this difficulty is immense. Thus, notwithstanding all the 
care of Burckhardt, the analytical expression which he deter- 
mined for that part of the great inequality of Jupiter and Saturn, 
which depends on the fifth powers of the excentricities and in- 
clinations, was found to contain some inaccuracies. Thus Mr. 
Airy, to obtain the expression of the inequality of a long period 
which Venus introduces into the mean movement of the Earth, 
had to go through a very long process; and other geometers, 
starting from the same data, have been unable to find again ex- 
actly the same results. This inequality is however only of the 
fifth order. To what difficult labour should we then be led by 
the method of the algebraic developments, if we recognized the 
necessity of having regard, in some theories, to inequalities of a 
higher order ? 

We might, it is true, attain to the seventh order, by means of 
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the investigation which M. Binet presented in 1812 to the Aca- 
demy of Sciences, and in which he states the error which had crept 
into that part of the great inequality of Jupiter which depends 
on the fifth order. But by the extent of that work, we may 
easily judge that all hope of further advancing the approxima- 
tions by this path must be lost. 

2. Interpolation seems then alone capable of furnishing the 
coefficients corresponding to high multiples of the mean longi- 
tudes. The calculations certainly are still very long; but they 
are not impracticable, like those which result from algebraic 
developments. The disturbing function depends on the mean 
longitudes of the disturbing planet and the disturbed planet ; 
and these two longitudes, in the development of the function, 
may be considered as independent variables. By attributing to 
these variables particular values, we obtain numerical values of 
the disturbing function ; a limited number of them serves for the 
determination of a similar number of the coefficients of the de- 
velopment effected according to the sines and cosines of the 
multiples of the mean longitudes. 

We may employ, according to the well-known formula, all 
the numerical values of the function corresponding to mean lon- 
gitudes equidistant from one another of an arc exactly dividing 
the circumference. But this step is subject to an inconvenience 
which cannot always be easily avoided. If, in fact, we know, 
for a given number of values of the disturbing function, what is 
the rank of the first term which is regarded as negligeable, fre- 
quently nothing indicates whether this term is really small 
enough to be neglected without altering the degree of accuracy 
which it is important to obtain. And if we perceive, after ha- 
ving effected the greater part of the calculations, that we should 
have preserved only two terms more, we are obliged either im- 
mediately to double the number of the numerical values em- 
ployed, or to recommence the whole work, which will often pre- 
sent less inconvenience. 

To avoid these difficulties, I propose the employment of a me- 
thod of interpolation in which I satisfy the following condi- 
tion :— 

Having already executed the calculations necessary for the de- 
termination of n of the coefficients, if we find that p others must 
be preserved, this may be done without having executed more cal- 
culations than if we had had regard, from the beginning, to the 
(n+p) coefficients. 
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3. Let us designate by R the disturbing function ; by / and 7’ 
the mean longitudes of the disturbed planet and of the disturb- 
ing planet, and let us put 


R=C-+-% (é,7) sin (¢7+7 7) 

+2 [i,i'] cos(tl47 1 ‘ak ce 

C being a constant. The indices 7 and 7? may have all entire 

positive and negative values from zero to infinity. But it is suf- 

ficient also to give to one of them, i for example, positive values 
only. This we shall suppose. 

Let us first leave the longitude /’ constant, and give succes- 
sively to the longitude / the equidistant values 0, a, 24,3 a,..., 
pa, « being an arc which does not exactly divide the circumfe- 
rence. If, for one of these arcs =p a, we attribute successively — 
to i the values 0, 1, 2,3,..., 2, the corresponding numerical — 
value R, of the disturbing function may be written,— : 


R,=C+2{ (0,7) sin 7’ 2’+ [0, 7] cos 7 7} 

ba sin (pe+@ /')+[1,7] cos (pati J} 

+ EE i, i’) sin nome se) +f ii i) cos (ip hE 
the sign & having now only relation to i!.. And in developing 
the sines and cosines, we shall have, 

R,=C+{(0,7) sind 2+ [0, 2’] cos 77} 7 

+ >4(1,7) cos? //—[1,7] sin? U}sinpa 

+Z{(1,7) sind 7+ [1, 7] cos 7 U'} cospa (2, 

4B ji i!) cos i! I [i, 7] sin 7! I sinip« 

+2{(i,7) sin 7 1+ [i, 7] cos dU} cosipa. 

By only changing pin this expression, the quantities contained 
under the signs } remain constant. We shall designate them 
more simply by putting 

C+ 2{(0, 7’) sin? 7 + [0,7] cos / /}=By, 
aioe) ) cos # J—[a, 7] sn d/l} = =a} 

S{(é, #) sin 7 7+ [é, 7] cos? Y}=—B,, 
and by giving successively to p the values 0, 1, 2,... up to 24, 
the expression (2.) will furnish the following relations :— 


(3.) 
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6. We shall be able to eliminate a,, then 6, between these 
equations. But the relations which would contain in general d, 
without a, would be wanting in symmetry, and we shall make no 
use of them. It is preferable to eliminate at once a, and 0,, and 
to form (2i—2) new equations which will be deduced from the 
preceding combined three by three as follows. 

Let us designate by M,, M, and M;j the first members of three 
of the equations (10.) taken consecutively. On making the com- 
bination 

My-+ Mg=M, (ear), .. 2 2 tee ee) 
of these quantities, the terms in a, and A, will disappear. Any one 
may convince himself of this by substituting in this formula, in 
place of M,, M, and M;, the following expressions of the parts 
dependent on a, and on 4, in the first members of three of the 
consecutive equations 

(a,2* —b,2-*-) (1-2), 
(a, e**+'— 6, w-*-?) (1—2), 
(a, a**2?—b, x-*-8) (1—2). 

Let us take three other corresponding terms in the first mem- 

bers of the same equations ; for example the terms, 
[a,a* —b,x-**+)] (1-2), 
[a; gikt)_ 6, a Er2)] (1 —2'), 
[a; pl k+2) b; were (l —x'). 


By submitting them to the combination (11.), it will easily be 
found that expressions of the following form will result, 

[a; aik—o; eetGrs)] (l—a**?) (1 —xz') (1 —z'), 
and this formula will serve to construct the first members of 
the new equations by giving to the index i values from 2 up to 2, 
and to the quantity & values from 0 up to (2 i—3). 

With respect to the second members of these new equations, 
we shall designate their real parts by (2),, (2), (2)3) - - -» and by 
remarking that according to the first of the conditions (6.), 

a'+ x7—1=2 cosa, 
we shall find 
(2), = (1), + (1)s— (1)o 2 cos a, 
(2)o=(1)o+(1)4—(1)3 2 cos a, } (12.) 
(2)s=(1)3+ (1)s—(1)q 2 cos @, 
me. . he ee ae 
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or, by putting generally for all the values of i, 
: \n (—1) 
fa. ae (@)n (=1) = 


3 
gen (2 i—1) 5 sin (2 i—2) > ee 
(24.) 


[]nsi= Das ; 
9-1 sin (2i—1) = sin (2i—2) = ae sin> 


we shall have 
a; z¢-9) —b,; a--D= 2/7] et 


. 95. 
a; gilitd)__ b; ot) 2 4, ( ) 


These equations, on replacing a; and 4; by their values in terms 
of A; and B,, and on having again regard to the relations (6.), 
will become 


A; cos? (2i—1) = —B, sin? (21—1)5 =i; 


A; cos i (2i+1)~—B; sin i (2i+1)5 ee 


a 
2 


and we shall thence deduce 


Ai=[t), Bh rare 


sin ia sin ia 
cos 7 (21+ 5 _ cost (20— 1); 


B= [2], 3b ge oe 


Thus then, (¢), and (2), being determined by the formula (22.), 
we shall deduce from it [i], and [7], by the formule (24.), then 
A; and B; by the formule (26.). 

12. The calculation relative to the determination of A;_, and 
of B;_,, will be simpler by having recourse to the second and third 
formula of the system (19.), rather than to the first and second. 
These equations will become, by transformations wholly similar 
to those which we have just developed, 


[ a1 gt-I)G-%) — G5 a-@-) 3) ] 


sin 7(22+ 1)5 sin 7 (2i—1)5 | 
| 


sin ia sin 7a 


8 ; a Ae 
=) sin (22-3) 5...sing 
+ [a; vt —B, aH] 


x ( a=) tein (23 =2)= 


to/ 2 
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[aj ee-VOD — 5, a DED] 
2 2i—3 3 2 £ 
x ( =.) sin (2i—3)5. 3 sin = 
+ [a; a+) — 6, 2-9] =2(i—1),;V —1 


: a 
x ( | : sin (2i—2)5.. sin 2% | 

It is from the care which we had in taking the second and 
third of the equations of the system (19.) that the first members 
of the equation (25.), which have already been calculated, are 
again found here as factors. If we have regard to these condi- 
tions and to the notation (24.), we shall be able to put for short- 
ness, 


sin (28-2) 

co Nie [thee ae 
sin 2 | 

is opt inds siege) 

. . a 

sin (2i—2)— 

M1 =[t—-1]3—-[Jo- a = 
sin > J 


These expressions reduce the preceding equations to the fol- 
lowing : 
a; e4-E-D — B_ a ED =O, 
a;_, 2@—DED) —B,_ eC DED OKM_ } ee eres C125) 


Their form is the same as that of the equations (25.), and we 
shall deduce from them in a similar manner, 


sin (¢—1) (21+ 1)- sin (i—1) (2i—1) aq 
ee eS aaa tia. 
a | sin @— Le ~t “sin (i— 1) a . (29.) 
cos (¢— 1) (22-+ )5 cos (¢—1)( (2i—1)5 | 
B,-1 =f, $$ hy | 
sin (<—1)« sin ((—1)« 
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the preceding equations will be written 
Gj» wt-2 (-D_B,_, e-@-9) (-9=9 Mg, 
G;-5 e¢-D +9 _B; 9 a C-) HY=9 MM; 
and there will be deduced from them 


sin (i—2) (2i+1)$ sin (i—2) (2i—1)- | 
A —) ae a ee . 
j : sin (t—2) a ; sin(i—2)a ” 
. (31.) 
cos (i—2) (2i+1)5 cos (i—2) (2i—1)5 
Ibn Ki 2 0 > ey ee = | 
sin ({—2) a ‘ sin (¢—2) « 


And thus, rising from system to system, by these formulz, the 
law of which is evident, we shall arrive by symmetrical calcu- 
lations at the determination of all the coefficients A; and B,, 
A,_, and B;_;..., up to A, and B,, A, and B, in particular will be 
given by the formule of the ranks ¢ and (i+ 1) of the system (10.). 

Lastly, the first of the equations (4.) will give By very simply. 

14. In short, the numerical operations which have to be ef- 
fected to obtain a complete system of the values of A; and B; 
corresponding to the same value of the longitude /’, will be as 
follows :— 

1°. The (22+1) numerical values Ry, R,, R,,..., and R,; of 
the disturbing function are determined. 

2°. By means of the formule (9.) and (22.), the numerical va- 
lues comprised in the table (16.) are determined. 

3°. By means of the formule (24.), the 24 quantities [i], and 
[J], [c—1], and [z—1]3, [¢—2], and [i—2], up to [1], and 
[1]:4:, which only requires some logarithms, are calculated. 

4°, By means of the formule (27.), (30.) and those analogous 
to them, the 2 (ti—1) quantities k’;_, and k";_,, k!;_, and k";_»,..., 
up to #’, and k"; are calculated. 

5°. The formule (26.), (29.), (31.), and those analogous to 
them, will give all the quantities A; and B;; and the first of the 
formulz (4.) will give the quantity B,. 

All these calculations are symmetrical; their nature admits of 
executing them with exactness. We may moreover simply con- 
trol the quantities (z),, (2)o, Oy . For if we add all the equa- 
tions which the formula (22 ae gives, when we suppose that the 
index k varies from n up to n’, we shall have 


D+), =", +B", —2 cosia D” 


n'+1 


AS Sl 4889 
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the sign = being relative to the different values of index k. This 
relation will permit of verifying rapidly the whole series of the 
coefficients (7), or only a certain number among them taken con- 
secutively, which will easily disclose the errors that may have 
slipped in. 

Lastly, it will be necessary for the first and second of the 
equations (4.) to agree in giving the same value of the constant 
By. 

15. Let us return to the relations (3.), and first ‘to the first 
among them. By the preceding calculations we shall be able to 
determine the values of By corresponding to the mean longi- 
tudes 

=; rade PD iage .t j= 99a: 


which will furnish (2i+1) relations to determine the constant 
C of the disturbing function, and the coefficients (0,7) and 
[0, !], corresponding to the different values of 2’ from 1 up to 2. 
It is clear in fact that the index z being null, it suffices to attri- 
bute to 7! positive values. The relations to be solved being more- 7 
over wholly similar to the relations (4.), we have nothing to add 
on this point. 

16. It remains for us to solve the system of the two last of the 
equations (2.), as it is presented when we give to /' the values 
i eee ie 

Restricting ourselves to the system composed of the equa- 
tions furnished by one only of the equations (3.), it would be 
still more completely similar to the system (4.), and it would be 
treated in the same manner. But we should be obliged to em- 
ploy thus twice as many numerical values of the function R as 
when using the two equations (3.) at a time. We shall then at- 
tempt to employ them, and shall find in this the advantage of 
decomposing the equations which afford the coefficients (i, 7’) 
and [#, z'] for one value of 2 and for different values of 7, positive 
or negative, in two separate-systems. 

I remark with this view, that in giving to i! the value —i, the 
coefficients (i, i!) and [#, z!] become of the order zero in relation 
to the excentricities and the inclinations ; that to have regard to 
the coefficients which are of the order p in relation to these ele- 
ments, it will be necessary to give to 7! all the values from 
(—i—p) up to (—i+yp). And thus the system of the two equa- — 
tions (3.) will become for one value of 2! equal to ne: 
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(i, —i )cos( —i )na—[i, —i ]sin( —7 )na) 
+ (i, —i—1) cos(—i—1)na— [t, —i—1]sin(—i—1)na 


+ (i,-—t+ ») Oa —i+1)na— Sine —i+1)na aly go 
> . oil 0 fire) ifs sh¥a| eh Want 
+ = eal i—p)ne— peel i—p)na | 
+ (i,—i+p) cos(— Fo Ras Noes Be i+p)na J 
[t, —t ]eos( —t )na+(é, —2 )sin( —2@ )ne | 
ae ee —1)ne+ (i, —i—1)sin(—i—1)ne 
aia a it tnet G41) anit He acyl 


+ Se cos papi 6 i altos oe) are 
+ [t, -i+p]cos(—i+ p)ne+ (¢, —i1+p)sin(—i+p)ne 
_ I now eliminate successively between these two equations 
[i, —i], then (i, —2), and I obtain the two relations: 
(i, —i) + {(é, —i—1) + (@, —74+ 1) } cos ne 
i a Bes sin ne 
: Fy PhS re oe ee 
+ i, ee (i, Lee cosa | 
+ {[i, -i—p]—[t, —i+p]} sin pna 
[i, —7] + { (@, —¢+1) — (4, —i—1)} sin na 
+{ ls mPa + bs —i+ ue cos na ne | 
. . =Q™, Bie (35.) 
Bae Sa) Fate pe | 
+{[i, —i—p]+ [i, —t+p]} cos pne 
in which I suppose that P,” and Q;” have the following 


values : 
P™ =A, cosina— B,™ sin snes (36.) 


QM=A™ sin ina+ BY cos ine. 
Let us, to simplify the matter, put 
(i, —i—p) + (i, —i+p) =p; 
[t, —t—p] —[t, —i+p] =%3 
the formula (34.) will become 
(i,—72) +2, cosna+x2,cos2na+.. eee _ pm, 
+2z,sin na+z,sin2na+...+2,sinpnas” ' 
and by attributing to the different entire and positive values 
on starting from zero, we shall have a system of equations 
similar to the system (4.). We shall then deduce from them in 
the same manner the values of (?,—7), «, and 2,. 
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To have regard to the equations (35.), I shall make 
(i, —i+p) — (t,-7—p) =Yps 
[t,-t+p] + [4,-i—p] =4,5 
these equations will then be written 
[i,—7] +y, sinna+y.sin2na+...+y,sinp no 3 
+4, cosna+t, cos2na+...+t, cospn &: ss 
and we shall easily deduce from them the values of [%,—7], 
y, and ¢,. 
After these determinations we shall have 
((,—-t+p)=2 %ptZYps 
(i, —-t—p) =3 %p— a Yps 
[t,—t+p] =} t,—3 %p» 
[i;—i—p] =34+2 2p 
and thus all the coefficients of R will be calculated up to a given 
decimal. 

17. We have already shown that the preceding method does 
not permit any error to escape. We shall better appreciate the 
advantages of it by observing that the arbitrary angle « may be 
adopted once for all; and that thus it would be easy to deter- 
mine beforehand the numerical values of the coefficients of the 
formulz (24.), (26),...soas to have no longer any but linear ex- 
pressions to calculate, which is always very rapid. 

It is very important to observe, that in virtue of the excentri- 
cities of the orbits the degree of convergence of the disturbing 
function is different for the different values of the mean longi- 
tude /' of the disturbing planet: so that there are great advan- 
tages in not being obliged to employ in all the cases the same 
number of values of the function R. We should not be able to 
arrive at this, in the method whereby the circumference is divided 
into equal parts, without being obliged to change incessantly 
this division, which is impracticable. By the preceding calcu- 
lations, on the contrary, we never employ more than the number 
of the numerical values strictly necessary for each of the posi- 
tions of the disturbing planet, without having to change the 
formule (24.), (27.), (29.),..., which we shall begin by esta- 
blishing for the case in which the series is the least convergent. 
There will afterwards be only to suppress one or more of the last 
terms of these formule in proportion as the calculation itself 
will indicate the possibility of this, and taking care to neglect at 
first the functions R, and R,;, then R, and R.;_,, and so forth. 
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Articxe VIII. 


On the Repulsion of the Optic Axes of Crystals by the Poles of 
a Magnet*. By M. Pricer, Professor of Natural Philo- 
sophy in the University of Bonn. 


[From Poggendorff’s dnnalen, Vol. lxxii., No. 10, October 1847.] 


1. THE object of the present memoir is to make known a 
series of new observations, which form a sequel to the last dis- 
coveries of Faraday, from which the idea of making them origi- 
nated. The results of these observations, when arranged in the 
form of a general expression, lead to the following empirical 
laws :-— 

When any crystal having a single optic axis is placed between 
the two poles of a magnet, this axis is repelled by each of the 
two poles. If the crystal has two optic axes, each of these two 
axes is repelled by each of the two poles with the same force. 

The force which produces this repulsion is independent of the 
magnetic or diamagnetic condition of the mass of the crystal; it 
diminishes less, as the distance from the poles of the magnet in- 
creases, than the magnetic or diamagnetic forces emanating from 
these poles, and acting upon the crystal. 

2. To facilitate as much as possible the survey and criti- . 
cal investigation of my observations, and the conclusions de- 
duced from them, the best method appears to me to be that of 
detailing them in exactly the same course as that by which I 
was conducted to the above results. It will however be indis- 
pensable previously to relate briefly the method and means used 
in my experiments. 

First, with the view of repeating Faraday’s experiments upon 

* Translated by Dr. J. W. Griffith. 
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magnetism and diamagnetism, as also the rotation of the planes 
of polarization of light by magnetic action, I had a powerful 
electro-magnet constructed by Etter, the university mechani- 
cian, under my own superintendence; and to be sure of obtain- 
ing at least the same action, the iron nucleus in it was made of 
the same dimensions as those specified by Faraday for his large 
horse-shoe magnets, substituting the Parisian for the English 
foot. The surfaces of the ends of the poles were therefore circles, 
the diameter of which was 102 millim. (33 French inches), and 
the centres of which were 284 millim. (93 French inches) apart. 
The iron nucleus weighs 84 kilogrammes, and each of its two 
perpendicular arms is covered with four layers of copper wire, 
each of which consists of ninety-two coils. This wire is 4:36 
millim. in thickness (2 Rhenish lines), whilst the wire of Fara- 
day’s magnet was 0°17 of an English inch. On theoretical 
grounds I chose the greatest thickness which could be conve- 
niently obtained in wire which had been well heated to redness 
and covered. The wire weighs about 35 kilogrammes. The 
coil of wire extends to the surfaces of the poles; to fit each of 
these, an appendage of soft iron is ground; the surface of this is 
of the same diameter, and 48 millim. in height. The two appen- 
dages are perforated in the centre of their height, and in the 
perforations, which are 20 millim. in diameter, two moveable 
cylinders of soft iron, which fit and are conically pointed at their 
extremities, are inserted and fixed by screws. The conical . 
apices, in which the magnetic action is concentrated, can be ap- 
proximated or separated from each other at will, and are remo- 
vable either in connexion with, or separately from the appendages. 
A glass case, containing a Coulomb’s torsion-balance, is placed 
upon the leaf of a table, which can be raised or lowered, and is 
furnished with two round holes, through which the arms of the 
electro-magnet pass. A strong thread, composed of a large 
number of separate silkworm threads, winds up and down upon 
the arm of the balance, to which heavy bodies, weighing as much 
as half a kilogramme and more, can be immediately suspended, 
for instance in a light little boat, to a small hook. As regards 
the suspension of light bodies, from the first, in my magnetic’ 
and diamagnetic experiments, I found it requisite to dispense 
with this boat, since I could not obtain any substance which,. 
when placed between the two poles of my electro-magnet, did 
not appear either magnetic or diamagnetic. I suspend all such 
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light bodies immediately in a double loop of a single or double 
silkworm thread, from 60 to 300 millim. in length, and fastened 
with a little wax to the end of the thick thread which passes over 
the arm of the torsion-balance. The suspensions are best made 
in the glass case itself, because the single silkworm thread is 
more readily seen there; and after a little practice it is easy to 
make twenty or thirty different suspensions of such a thread in 
an hour. Moreover, in this manner we can test as to their mag- 
netism or diamagnetism, bodies which are not greater or heavier 
than a single stamen of a cherry-tree flower. 

To excite the magnetism in the electro-magnet, I used through- 
_ out the following experiments merely three or four small Groves’s 
elements, combined to form a battery. The platinum was im- 
mersed in commercial nitric acid, the zinc in a mixture of 1 part 
of concentrated sulphuric acid and 9 of water. 

3. During the month of May I made a large number of expe- 
riments, which appear to yield the general result, that in each 
individual plant (and perhaps animal) constant magnetic and 
diamagnetic counteractions are in play, and are in connexion 
with their physiological development. I shall reserve the de- 
tails for a future communication, and merely remark, that these 
experiments led me to examine whether the arrangement of the 
fibre exerted any influence upon the position assumed by vege- 
table structures suspended between the two poles of the magnet ; 
and here the question incidentally occurred to me, whether the 
erystallographic structure of a crystal suspended in the same 
manner exerted any influence. The very first experiment decided 
this positively. 

_ 4. I took, for instance, a green plate of tourmaline, as prepared 
by M. Soleil, for the polarization of light. It was 3 millim. in 
thickness; its largest surfaces were nearly square, being 12 millim. 
in length and 9 in breadth. The longitudinal direction of 
the plate corresponded with the direction of its optic axis. On 
suspending this plate by a silk thread, so that the direction of 
the thread coincided with the direction of the optic axis, it assumed 
the same position as any other magnetic body of the same form 
would have done, i. ¢. so that the direction of its breadth coin- 
eided with a straight line connecting the two apices of the poles, 
and the plate maintained this position decidedly, even after the 

polar apices were removed. This result 1 had anticipated, be- 
cause the plate of tourmaline was so strongly magnetic, that 
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when suspended very near one of the polar apices, it was at- 
tracted by it. 

5. The same plate of tourmaline was now suspended in such 
a manner, that the direction of its breadth coincided with that 
of the silk thread, and thus the optic axis could oscillate freely 
in a horizontal plane. The apices of the poles were not too near 
each other, and were at last entirely removed. As a magnetic 
bedy, the plate should have assumed such a position, that its 
longitudinal and axial direction coincided with the line of the 
apices of the poles. However, it assumed that position which 
a diamagnetic body of the same form would have done, i. e. with 
its axial and longitudinal direction perpendicular to the line of 
the apices of the poles. 

6. The same plate of tourmaline was lastly again suspended 
so that it, consequently its optic axis, could oscillate horizon- 
tally. Again, as on its second suspension, it assumed the same 
position as a diamagnetic body of the same form would have 
done; the direction of its breadth being in the line of the apices 
of the poles, and its longitudinal and axial direction perpendicular 
to it. 

7. By opening and closing the circuit, in each of the three 
positions of suspension, the tourmaline could be turned round 
and retained in exactly the opposite position. 

8. If we admit that an equal repulsive force is exerted by 
each of the two poles of the electro-magnet upon the axial direc- 
tion of the plate of tourmaline, and that this repulsion is stronger 
than the attraction of the same poles exerted upon the same axis 
in consequence of the magnetic distribution in the ferruginous 
mass of tourmaline, we obtain a comprehensive point of view, 
under which the phenomena above described may be conceived. 

As in the position assumed by the plate of tourmaline in ex- 
periments 5 and 6, the magnetic attraction must first be over- 
come by the new force producing the repulsion, it might be an- 
ticipated that the phenomena in question would be modified ~ 
when the magnetic rectilinear force was so increased that the © 
form of the crystal was such that the dimensions of its axial direc- — 
tion were very considerably greater than its other dimensions, and — 
the two apices of the poles were approximated as much as possible. 
Therefore, after having again convinced myself of the accuracy 
of my former experiments, and having found them confirmed by 
means of a second plate of tourmaline of the same dimensions, © 
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I selected a dark brown, almost opake crystal of tourmaline, 
having the form of a six-sided prism, which was about 36 millim. 
long and 4°5 millim. in thickness, and placed the apices of the 
poles so near together, that it could only just oscillate freely be- 
tween them. The magnetic attraction caused the tourmaline to 
assume such a position, that the axis of the prism, which is also 
its optic axis, coincided with the line of the apices of the poles. 
The more the latter were separated from each other,.the less in- 
tense was the force with which the crystal assumed this position ; 
and when their distance amounted to more than 80 millim., it ro- 
tated 90°, as if it had become diamagnetic, so that its axis was now 
perpendicular to the line of the apices of the poles. On the further 
separation of the latter, the force which retained it in the position 
just described increased; and in this it continued distinctly to 
remain after the apices of the poles had been entirely removed. 

The apices were again inserted and pushed forwards until the 
tourmaline assumed an axial position (in the line of the apices). 
When it was now raised or lowered, by winding or unwinding 
the thread by which it was suspended, it turned round, at a cer- 
tain elevation or depression, 90°, at the same time assuming an 
equatorial position (perpendicular to the line of the apices of the 
poles). As far as the limit to which this rotation extended, the 
axial rectilinear force diminished until it finally vanished; the 
equatorial rectilinear force then came into play, increasing when 
the crystal was further raised or lowered, and finally again dimi- 
nished, being however distinctly perceptible when removed from 
200 to 250 millim. from the line of the apices of the poles. 

In all these experiments, by opening and closing the circuit, 
the tourmaline could be rotated 180°, and retained in the oppo- 
site position. 

9. The passage of the tourmaline from one position to the_ 
other still appeared to take place to exactly the same extent 
when the power of the electro-magnet was either increased or 
diminished. 

10. If we retain the hypothesis of a repulsive action exerted 
by the poles of the magnet upon the axial direction, in accord- 
‘ance with the experiments which have been detailed in the two 
last paragraphs, we must necessarily admit that the force which 
produces the repulsion diminishes more slowly with the increase 
of the distance than the force of the magnetic attraction ema- 
nating from the same poles. 
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11. Before examining other crystals in the same way as 
the tourmaline, it appeared to me best to investigate as com- 
pletely as possible the remarkable phenomena and their mo- 
difications in this mineral, in which I first discovered them. 
Two other crystals of tourmaline, resembling that which was 
used in experiment 7, but heavier, one being 47 millim. in 
length and about 3 millim. in thickness, the other of the same 
length and about 5 millim. in thickness, yielded in general 
exactly the same results. All these tourmalines were attracted 
into the immediate vicinity of one of the poles of a magnet, in 
their entire mass. 

12. A rubellite, 9 millim. long and 6 to 7 millim. thick, when 
the apices of the poles were 13 millim. apart, became placed 
axially in the line of the apices, but turned round 90° even 
when raised about 20 millim. or lowered about 30 millim., at 
the same time assuming an equatorial position. 

A red, transparent tourmaline, 30 millim. in length, did the 
same. 

I then examined four smaller crystals of tourmaline from the 
isle of Elba, 4 to 9 millim. long, the first half light and half 
dark green, a second entirely light green, a third light green in 
the middle but dark at both ends, and the fourth red. All these, 
as also the two former, were strongly magnetic; the first was 
more strongly so at the dark than the light green end. They 
exhibited all the phenomena described in paragraph 7, except 
that the third and smallest could not be made to assume the 
axial position, because, when the apices of the poles were ap- 
proximated with this intention, before it could attain this posi- 
tion, it was drawn away by one of the apices of the poles. 

13. Lastly, I must mention a perfectly colourless tourmaline, 
the long dimensions of which coincided with the direction of the 
axis, but which in other respects was irregular. The mass of 
this crystal proved to be diamagnetic throughout ; whence it ap- 
pears that both the red and the green colour of this mineral are 
produced by iron ; consequently the diamagnetic force emanating 
from the poles of the electro-magnet must act upon the axial 
direction in the same manner as the repulsive force, to produce 
the equatorial position of the crystal. 


14, As regards the tourmaline, after the preceding remarks, I ~ 


considered myself justified in considering the following law de- 


termined, viz. that its axial direction is repelled by the poles of i 
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a magnet; and that this repulsion, in ordinary cases when the 
mass of the tourmaline is magnetic, at a sufficient distance from 
the pole itself, and when the largest dimensions of the crystal 
are in the axial direction, overcomes the produced magnetic 
attraction of the axis. 

Here it naturally occurs to us to inquire, whether the above 
phenomena may not perhaps stand in close relation with the 
well-known fact, that the tourmaline, when heated and cooled, 
exhibits electric polarity. That must however be decidedly an- 
swered in the negative. 

15. It might certainly have been possible, that by touching 
the tourmaline whilst suspending it, electric currents had been 
excited in its substance. But after the tourmaline had remained 
undisturbed under the glass case of the torsion-balance for 
twenty-four hours, and the electro-magnet was then set in ac- 
tion, it exhibited exactly the same phenomena; and no difference 
could be perceived in it even when it was rendered electrical at 
its extremities by being heated whilst between the poles of the 
magnets. 

16. When the tourmaline was suspended in water, it also as- 
sumed a decided position, from which it was not disturbed when 
the water was heated to near the boiling-point. With the moist- 
ening of the surfaces of the crystal which occurs in this experi- 
ment, no electric tension can occur; if this tension, however, 
is the consequence of internal electric fluctuations, it might per- 
haps be expected that the latter were promoted by the continual 
conduction of the free electricity appearing on the surface. 

17. The most decided proof of the inaccuracy of the assump- 
tion of electric currents within the crystal which have not been 
primarily excited by the magnet being the cause of the phaeno- 
mena in question, exists in the fact, that these currents, whatever 
direction may be ascribed to them, would produce a polar repul- 
sion of the axial direction. But experiment contradicts this 

most decidedly. 
_ 18. Since the repulsion of the axial direction by the poles of 
the magnet is therefore not of pyro-electric origin, we should 
expect that it would not be confined to tourmaline, in which I 
had first accidentally met with it, and to a few other crystals. 
After a preliminary experiment upon a small piece of rock-cry- 
stal had shown it to exist in this also, I commenced examining 
various crystals, and first those which are uniavial. In doing 
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this, regard had first to be paid to distinguishing whether the 
substance of the body was magnetic or diamagnetic. It was spe- 
cially important to test a crystal of some diamagnetic substance 
as well as tourmaline, which derives its magnetism from the iron 
contained in it. 'To obtain an effect which could in nowise be 
ascribed to diamagnetism, a crystal of such form must be selected, 
or such a shape must be given to it by artificial means, that its 
shortest dimensions coincide with the direction of the axis. The 
form of the colourless diamagnetic tourmaline mentioned in para- 
graph 13 was not adapted for the purpose of a decisive experi- 
ment. — 

19. I therefore first examined calcareous spar, the substance 
of which is decidedly diamagnetic. A colourless crystal, bounded 
by natural faces of cleavage, the length of the angles of which 
were 60 millim., 50 millim. and 28 millim., was suspended, 
without using the apices of the poles, in such a manner that 
its axis could oscillate horizontally between the poles. This 
axis became placed exactly equatorially, whereby the crystal as- 
sumed a position in which neither a magnetic nor a diamagnetic 
mass of the same form would have rested when acted upon by 
the magnetic and diamagnetic action of the poles of the electro- 
magnet. 

20. I then took a smaller crystal of the primary form, which, 
overcoming the diamagnetism, arranged itself between the ap- 
proximated apices of the poles, so that its axial direction became 
exactly equatorial. 

A second such crystal, but larger, the length of the angles of 
which was 15 millim., and the obtuse angles of which were 
ground off perpendicularly to the optic axis to such an extent that 
the thickness of the crystal in its axial direction was 10 millim. 
only, was suspended in the same manner as the two former, 
and assumed the same position, as regards its axis, as those. 
When, however, the apices of the poles were so far approxi- 
mated, that on account of its large dimensions it could no longer 
remain in the line of the apices of the poles, it rotated 90°, as- 
suming the same position as a diamagnetic body, so that its axial 
direction coincided with the line of the apices of the poles, and 
the diamagnetic repulsion of the mass determined the position 
of the crystal. 

21. I then examined several other plates cut perpendicularly 
to the axis, all of which exhibited the same phenomenon. One 
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of them, which was from 26 to 30 millim. broad and long and 
6 millim. thick, when suspended in the same manner and oscil- 
lating freely, assumed the same position as a diamagnetic mass ; 
but on further separating the poles, or on shortening or elon- 
gating the silkworm thread, it rotated 90°, and remained as 
if it had become magnetic, the axis being turned perpendicularly 
to the line of the apices of the poles. 

22. The experiments described above point out uniformly that 
a repulsive force is exerted by the poles of the magnet upon the 
axial direction of the calcareous spar, and that, when by the 
abbreviation of the dimensions in this direction, an attraction 
towards the axial direction arises from the diamagnetic repulsion 
of the substance of the crystal, the poles being sufficiently sepa- 
rated, this attraction is less than the repulsion. 

23. Whilst the colouriess and transparent calcareous spar is 
diamagnetic, a white opake crystal of calcareous spar is magnetic, 
and one of them presented the same phenomena as tourmaline. 

24. Rock-crystal is diamagnetic like calcareous spar, and like 
it exhibited the repulsion of the axial direction; but this repul- 
sion is Jess intense. When a plate cut perpendicularly to the 
axis (which exhibits the rotation of the plane of polarization) is 
‘about three times as long and broad as thick, on suspending it 
with the axis horizontal, it assumed the same position as a dia- 
magnetic body, and no longer rotated 90° on separating the 
poles, which decidedly occurred with plates the dimensions of 
which were less contracted in the direction of the axis. 

25. In a Soleil’s apparatus for exhibiting the conjugate hy- 
perbolz with polarized light, two similar prisms are ground out 
of rock-crystal; their height amounts to 50 millim., and their 
total base is an almost regular octagon, the two opposite sides 
of which are 26 millim. apart, and cut at right angles by the optic 
axis. The two prisms are cemented together to form a single 
prism, in such a manner that the axial directions in the two halves 
are at right angles to each other. When the entire prism is 
suspended so that its axis (the axis of the prismatic form) coin- 
cides with the direction of the silkworm thread, and thus the 
optic axes can oscillate horizontally, when raised or lowered, so 
that at one time the lower, at another time the upper half gets 
between the apices of the poles, it successively assumes two dif- 
ferent positions, either of which passes into the other by a rota- 
tion of 90°, whereby each time the direction of the optic axis of 
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that half vibrating in the line of the apices of the poles becomes 
placed perpendicularly to this line. 

26. The following crystals were very decidedly proved to be 
those the substance of which was magnetic, and which, in con- 
sequence of their form, when suspended in the line of the apices 
of the poles, under the influence of the magnetic attraction of the 
poles of the electro-magnet, arranged themselves like the tour- 
maline, in this line, but when raised or lowered, after a rotation 
of 90°, assumed an equatorial position :— 

1. An opake and perfectly crystallized piece of quartz from 
Hagen, the longitudinal and axial dimensions of which were 
10 millim. 

2. A square octahedron of zircon, with truncated angles and 
edges, from Siberia. 

3. A six-sided crystal of beryl from Siberia, 41 millim. in 
length and from 11 to 13 millim. in thickness. ; 

4, Two yellowish-green transparent crystals of emerald, one 
of which was 27 millim. long and 14 millim. thick, the other 
much larger, and weighing several hundred grammes. 

5. A black idocrase from Siberia, crystallized in perfect square 
prisms, the edges truncated, the angles acute, and one of the 
apices truncated. 

6. A large corundum. 

27. I found two crystals, which were strongly magnetic, and 
which could not be removed from the axial position, in which 
the magnetism fixed them, even by the removal of the poles. It 
is worthy of remark, that both these crystals exhibited magnetic 
polarity*. It appears to me probable, that by using a more 
powerful current, which would allow of a greater separation of 
the poles, these crystals, overcoming the magnetism of the sub- 
stance, would also have become arranged equatorially, which 
they would probably have done if I had been able to contract 
their longitudinal and axial dimensions. 

These two crystals were the following :— 

1. An opake brownish crystal of pinite from Auvergne, a regu- 
lar six-sided prism, 12 millim. long and from 6 to 7 millim. 
thick. 

2. A small crystal of sapphire. 

28. After the experiments which have now been detailed, it 


* One of the plates of tourmaline above mentioned was also polar, but 
slightly so only, and in a direction which did not coincide with the axis. $ 
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appears to me that the empirical law laid down in paragraph 1, 
so far as it relates to uniaxial crystals, is sufficiently established, 
and applies indifferently both to positive and negative crystals. 
29. Hence it might further, with tolerable certainty, be sup- 
posed, that an analogous action would occur also in crystals with 
two optic axes, to that found in uniaxial crystals. As such we 
might expect either a repulsion of the two optic aves, or merely a 


repulsion exerted against their central line, i. e. against that di- 


rection which subdivides the acuée angle formed by the optic axes. 
Experiments are in favour of the first more universal assump- 
tion, which comprises the latter. 

30. I cut a circular disc, about 22 millim. in diameter, from 
a plate of mica, and suspended it by a silkworm thread so that 
it could oscillate horizontally. As is well known, the two optic 
axes of mica lie in a plane which is at right angles to the direc- 
tion of the laminz in it, inasmuch as it forms with the normal 
the same angle on both sides; this I estimated at 223°. When 
suspended as above, the planes of the two axes could rotate 
around their mesial line placed vertically. Between the two 
poles of the magnet, the lamina of mica assumed such a position 
that its plane coincided with the equatorial plane. In this posi- 
tion the equatorial direction was thus marked upon the lamina 
of mica; and it was afterwards found that the two optic axes, 
i. e. those two directions which, when viewed by polarized light, 
correspond to the central point of the two systems of rings, lie 
in the same plane, which is placed at right angles to the plate of 
mica in the equatorial direction. 

Mica exhibits the properties of a magnetic body. 

31. With the view of modifying the experiment described in 
the last paragraph, with regard to the concluding remark, the 
planes of the two optic axes of a plate of mica were determined, 
and a hexagon with parallel opposite sides cut out of it, so that 
its longest dimension, which was 26 millim., was in the plane 
just determined, whilst the breadth of the lamina was only 18 
millim. The lamina was then again suspended as before; and 
when the poles were approximated as much as possible, it ar- 
ranged itself with its longitudinal direction, hence with the plane 
of the two axes, in the line of the poles. When the lamina was 
elevated or lowered, it rotated 90°, so that the planes of the 
two optic axes became perpendicular to this line. 

32. I then took a transparent and colourless topaz from Scot- 


364 PLUCKER ON THE REPULSION OF THE OPTIC AXES 


land, which was cut in such a manner that it approximated in > 
form toa right rhombic prism, with its two pairs of opposite 
lateral surfaces perpendicular to the two optic axes. The length 
of the crystal was 19 millim.; its thickness, taken in the direc- 
tion of each of the two axes, 10 millim. The middle line be- 
tween the two optic axes therefore corresponded to the shorter 
diagonal of the rhombic prism. Upon two of its adjacent sides 
two thin plates of tourmaline were cemented (which did not of 
themselves exert any perceptible influence), so that polarized 
light, which passed through both the optic axes of the crystal, 
and then through the corresponding plate of tourmaline, yielded 
one of the two systems of rings. The substance of the crystal _ 
was diamagnetic. 

1. When the crystal was suspended so that the plane of its 
two optic axes could revolve vertically around its middle line, on 
approximating the apices of the poles as much as possible, these 
planes, in consequence of the diamagnetism, became placed 
axially ; but, overcoming the diamagnetism, they rotated 90° and 
became equatorial when the crystal was elevated or lowered. 

2. On suspending the crystal, so that the planes of its two 
optic axes could oscillate horizontally, the middle line, in the 
form of crystal above described, again assumed an axial position ; 
and when elevated or lowered, overcoming the diamagnetism, 
it became equatorial. 

33. In the experiments detinitbed in the last paragraph, the 
topaz may be replaced by crystallized sugar. Thus, those planes 
in the direction of which a crystal of sugar is most easily cleft, 
are perpendicular to one of its two optic axes; and when one of 
these surfaces of transmission is polished (to effect which, mere 
scraping with a piece of glass is sufficient) and placed between 
two crossed plates of tourmaline, the plane of the two optic axes 
is recognised even by the position of the black band seen through 
the system of rings; and we then know, from the known angle 
of about 50° which these axes form with each other, the direc- 
tion of the second axis and the middle line between them. 

34, Crystals of Brazilian topaz, arragonite, nitre, sulphate. of 
soda, and of many other substances, which exhibited the pha-_ 
nomena of diamagnetism and crystallized in different prismatic 
forms, when placed between the apices of the poles, as also at 
every distance from them, arranged themselves with their longi- 
tudinal and prismatic axis, which (although not in every instance, 
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yet on the average) is at the same time the central line between 
their optic axes, equatorial. These phenomena, owing to the 
diamagnetic action, of themselves prove nothing ; only it was re- 
quisite that they should not furnish a different result. But an 
experiment made with a crystal of stawrolite, which was mag- 
netic and became axially placed when in the line of the apices 
of the poles, but equatorially when raised or lowered, was con- 
clusive. This experiment was also performed, even before that 
on the topaz, with the most decided result; but subsequently, 
to my astonishment, with somewhat doubtful effect; and at the 
conclusion of these experimental investigations it was repeated 
in a new point of view, so that I shall return to it more fully in 
a subsequent paragraph (40). 

A crystal of lepidolite was so strongly magnetic, that when 
raised it could not be made to rotate; just so with a beautifully 
perfect crystal of hornblende (a thick hexagonal prism with acute 
extremities). The former did not exhibit the least polarity, 
whilst in the latter it was very decided. 

35. It must moreover be remarked, that all binaxial as well as 
all uniaxial crystals, which in the above experiments assumed an 
axial or equatorial position of a certain dimension, were rotated 
180°, and retained in this position by opening and closing the 
circuit. 

36. The phenomena detailed in paragraphs 30 and 35 are 
perfectly explained by the assumption, that a repulsive force is 
exerted upon both the optic axes by the poles of the magnet, 
and then, in accordance with the second experiment upon the 
topaz (33), we must add to this supposition, that the repulsion 
exerted upon both the optic axes is of equal intensity. The two 
experiments with mica (30, 31), as also the first with tapaz (32), 
do not allow of the assumption of a repulsive force exerted 
merely upon the central line, instead of upon both axes. 

In the second experiment with the plate of mica, the repul- 
sion exerted upon the axes overcame the magnetic, and in the case 
of the experiment with the topaz and sugar the diamagnetic 
force, which tended each time to bring the crystal, in conformity 
with its form, into a position differing by 90°. 

37. Two other experiments, suggested by a theoretical com- 
bination, were performed, which are conclusive as regards bin- 
axial crystals, and deserve special attention. However, before 
describing them, for the purpose of facilitating the survey of the 
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phzenomena concerning binaxial crystals, as produced by diamag- 
netism and magnetism, the position of the two axes, the external 
form of the crystal and the direction of the suspension as regards 
these axes, I shall premise the following general observations. 

In a binaxial crystal three normal positions of suspension may 
be distinguished, in three directions at right angles to each 
other :-— 

1. In a direction Z, which is at right angles to the plane of 
the two optic axes. 

2. In the direction of the central line Y, between the two 
optic axes. 

3. In the direction X, which is in the plane of the two optic 
axes at right angles to their central line. 

In the first position, the plane X Y of the two optic axes 
oscillates horizontally ; and, in consequence of the repulsion of 
the axes, the central line Y becomes equatorial*. 

This action,— 

a, when the crystal is magnetic, and its dimension according 
to the middle line Y is less than that at right angles to it, in the 
direction X ; 

6, when it is diamagnetic, and its dimension im the direction 
Y is greater than that in the direction X ; 
is in the one case increased by the magnetic attraction, in the 
other by the diamagnetic repulsion of the mass. When, on the 
other hand, 


* In the text we have impiied that the inclination of the two axes to each 
other is not great. Strictly speaking, according to our view, even in uniaxial 
crystals, when suspended at right angles to the axis, the mere axial action pro- 
duces a double position of equilibrium, one stable the other unstable. If 
we admit that the single axis subdivides into two, which are equally distant 
in the horizontal plane on each side from the original axis, so that this now be- 
comes the middle line Y, the unstable equilibrium becomes completely stable ; 
but its stability is at first slight, becoming greater when the two axes are more 
opened; and when these axes form with each other an angle of 90°, the stabi- 
lity of the two positions of equilibrium becomes the same whether the crystal is 
suspended in the direction X or Y. Probably if we gave a crystal of protosul- 
phate of iron, the two optic axes of which are at right angles to one another, 
such an external form that the magnetic attraction produced no rotation, it 
would present two equally stable positions of equilibrium. In an experiment 
with a thin circular (diamagnetic) plate of sulphate of lime about 18 millim. in — 
diameter, in the plane of which the two optic axes form an angle of 60°, I could 
only with; difficulty retain it in the second less stable position of equilibrium. 
The experiment must be repeated with a larger plate, or with the apices of the 
poles more pointed; at the same time it must be borne in mind, that when, in 
consequence of the form, the diamagnetic directive force has not completely — 
vanished, it diminishes the stability of the equilibrium. 
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c, the crystal is magnetic, and its dimension in the direction 
Y is greater than that in the direction X ; 

d, the crystal is diamagnetic, and its dimension in the direc- 
tion Y is less than that in the direction X; 
the magnetic attraction and diamagnetic repulsion of the mass 
must previously be overcome before the repulsion of the axes 
can be apparent. 

In the second and third normal positions of suspension, the 
plane X Y of the two optic axes oscillates, so that it each time 
constantly remains vertical, and each time it is forced by the 
repulsion of the axes into the equatorial position. In the second 
position of suspension, the direction X, in the third the middle 
line Y, oscillate horizontally and become equatorial. The axial 
action is increased by the magnetic attraction and diamagnetic 
repulsion of the mass, when 

a, the crystal is magnetic, and its dimension X in the second 
case and Y in the third case are less than Z; 

6, the crystal is diamagnetic, and its dimensions X and Y are 
greater than Z. These forces. must moreover be overcome 
before the axial repulsion can be perceived, when 

c, the crystal is magnetic, and its dimensions X or Y are 
greater than Z; 

d, the crystal is diamagnetic, and its dimensions X or Y are 
less than Z. 

38. Arragonite crystallizes in right rhombic prisms, which by 
truncation of the sides usually become six-sided. From one of 
these crystals, which was perfectly transparent, I had a piece 
ground at right angles to the axis and polished, and then, to en- 


sure perfect certainty, determined the position of the two axes 


by viewing them by polarized light. These axes, as is well 
known, form with each other an angle of full 18°; and the middle 
line, subdividing this angle, coincides with the axis of the 
prism. The planes of the two optic axes were perpendicular to 
those two parallel lateral surfaces, the distance of which from 
each other was extremely minute, and was 10 millim. The 
height of the prism was 12°5 millim., and the largest diagonal 
of its terminal facets, which was at right angles to the plane of 
the two optic axes, was 22 millim. The directions in which 
these three dimensions were taken, coincide respectively with 
the directions which we indicated in the last paragraph by X, 
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Y and Z, that is, still indicatiyies the corresponding dimension 
by the same sign 
Z>Y>X. 

The substance of arragonite is strongly diamagnetic. When 
suspended in the direction Z, the crystal assumed such a posi- 
tion that Y became equatorial; and as Y > X, this action was 
increased by the diamagnetic action exerted upon the mass of 
the crystal. 

Tn consequence of the diamagnetic action, when the crystal is 
suspended so that it can oscillate with its longitudinal direction 
Z horizontal, it rotates so that this direction becomes placed 
* at right angles to the line of the apices of the poles; and the 
force with which this is effected is evidently (neglecting magni- 
tudes, which cannot here be taken into account) of the same in- 
tensity, in whatever direction of the plane X Y the crystal is sus- 
pended. However, in the two ordinary positions of suspension 
in X and Y, if we admit the existence of a repulsive force, ex- 
erted by the two poles upon the two axial directions, the action 
exerted by it is very different as regards intensity. This can 
in each case consist of a single rotation only of the two axial 
directions around the alternate line of suspension, whence each 
optic axis passing through any one point of the crystal describes a 
one-sheeted hyperboloid of rotation, or when it especially cuts 
the line of suspension, a conical surface. The moment of rota- 
tion, however, on*suspension in Y, is less than on suspension in 
X; and, in fact, the more so the more acute the angle which the 


two optic axes form with each other, so that with this angle (if _ 


the crystal be uniaxial) the former moment of rotation com- 
pletely vanishes. Hence it follows that when, as in the experi- 
ments with topaz and sugar (32, 33), the axial action, on re- 
moving the apices of the poles, overcomes the diamagnetic 
action, both of which (because Z> X and Z>Y) act in oppo- 
site directions, this must ensue Jater when the suspension is in 
the direction of the middle line Y than when in that of X. 


On approximating the apices of the poles as much as possible, - 


the crystal each time became placed like a diamagnetic body 
with the longitudinal direction Z equatorial; and on shortening 
the silk thread, rotated on each occasion 90°. When the crystal 
was suspended in the direction of the middle line Y, this took 
place when the crystal was raised about 40 millim. above the line 
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of the apices of the poles; hen the suspension was in X, it 
occurred after an elevation of 11 millim. only. ! 


39. A binaxial crystal of the prismatic form, and the substance 
of which is magnetic, when suspended freely between the apices 
of the poles, must nega be differently acted upon from a 
uniaxial crystal of about the same external form, Thus the force 
with which a uniaxial crystal is moved into the equatorial posi- 
tion, remains exactly the same in whatever way it may be sus- 
pended, provided that its longitudinal direction can oscillate in 
the horizontal plane. This was confirmed by direct experi- 
ment, on three times repeating with)the same tourmaline the 
experiment described in paragraph 8, so that, the apices of the 
poles remaining undisturbed, the tourmaline was suspended in 
three different directions, lying in a plane at right angles to the 


- axis of the prism. Each time an elevation of exactly 24 millim. 


was requisite to turn the tourmaline round 90°, so that it should 
assume an equatorial position. 

This cannot be the case in a binaxial crystal, whatever may 
be the position of the two optic axes. We will suppose in such 
a crystal that the middle line Y coincides with the axis of the 
prism. Whatever may then be the direction in the plane X Z 
in which we suspend the crystal, the magnetic action always 
fixes it with the same force in the axial position, whilst the re- 
pulsive force exerted by the poles against the two axes tends 
to place it equatorially but with different force. Thus when 


_the crystal is suspended in the direction Z, and hence the 


two optic axes can oscillate horizontally, the forces from each of 
the poles of the magnet acting upon the two axes tend to pro- 
duce rotations in the reverse direction. However, when the 
crystal is suspended in the direction of the axis X, and thus the 


_ planes of the two axes constantly remain vertical during the 


oscillation of the crystal, the forces emanating from each pole of 


_ the magnet accumulate, and the resulting force is obviously 


greater than in the previous method of suspension. Moreover, 


_ it is clear that the moment of rotation increases in proportion 
_ as the direction of the silk thread is removed from the direction 
_ Zand approximates the direction X. 


40. The above considerations led me to the experiment with 


_ the staurolite mentioned in paragraph 34; and I had no doubt 


‘that what had previously embarrassed me as being an inex- 
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plicable. anomaly, would now yield a beautiful confirmation of 
my theoretical views. 

The crystal of staurolite was transparent and strongly mag- 
netic. It formed a prism 18 millim. in length, the transverse 
section of which was an irregular hexagon, A, B, C, D, E, F. 
The opposite parallel lateral surfaces were about the same di- 
stance apart; this was 6 millim. The apices of the poles were 
approximated as much as possible, and in all the experiments 
retained undisturbed in the same position. The crystal was 
suspended, at first perpendicularly to the lateral surfaces A, F 
and C, D, secondly perpendicularly to the lateral surfaces A, B 
and D, E. In both cases an elevation of exactly 25 millim. 
above the line of apices of the poles was requisite to cause the 
crystal to become equatorial. The crystal was then, thirdly, 
suspended at right angles to the lateral surfaces B, C and E, F, 
and the crystal could now no longer be rotated 90° with the 
strength of the current used; when raised 100 millim., it con- 
tinued to maintain at least its axial position. Two other suspen- 
sions were then made, the fourth in the direction of the line of 
subdivision of the angle at A, which was at right angles to the 
line of the third suspension, and the fifth in the direction of the 
line of subdivision of the angle at B. In the fourth suspension, the 
crystal, when raised 23 millim., was rotated 55 millim.; in the 
fifth, at an elevation of 50 millim., to the same point. Thus the 
greatest moment of rotation produced by the repulsion of the optic 
axes obtained in the fourth, and the least in the fifth position — 
of suspension. We thus draw the conclusion, that the general 
direction denoted by X subdivides the angle at A, whilst the 
direction Z is perpendicular to the lateral surfaces B, C and E, F. 

The angles of the prism were next measured, and the angles at 
A and D found to be about 129°. But the primary form, as is 
well known, is a right rhombic prism, in which the obtuse angles 
are equal to the one measured. The plane of the optic axes 
thus passes through the two obtuse angles of the primary form. 
The two surfaces B, C and D, F, by which the two acute angles 
are truncated, are parallel to the plane of the two optic axes. 

The above supposition, that the axis of the prism is the middle 
line between the two optic axes, might require confirmation. 
For this purpose I suspended the prism of staurolite longitu- 
dinally ; it became placed so that the plane passing through the 
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two obtuse angles was equatorial. After this experiment, there 
can be no further doubt as regards my supposition. 

41. The method of observation used in the last paragraph 
may be altered, by placing the prism of staurolite in such a posi- 
tion, that instead of raising it in the different horizontal direc- 
tions of suspension above the line of the apices of the poles, it is 
made to oscillate around the position of equilibrium in the line 
of the poles, and the axial effect estimated by the different dura- 
tion of the oscillations. To effect this, I completely removed 
the apices of the poles; the prism then became placed axially 
in the third position of suspension, and equatorially in the fourth. 
I then again inserted the two apices, and moved them forward 
until even in this position of suspension the equatorial position 
became axial. As the magnetic force, when the apices are at 
the same distance apart, remains constant in the different sus- 
pensions, the position of the prism is in each case determined by 
a force which is equal to this constant force minus the variable 
force acting upon the axes. The proportion of this latter force 
in different suspensions may be ascertained in this way. The 
more the direction of suspension approximates to the direction 
above denoted by X, the slower the crystal oscillates. 

This method of observation, where the object is merely to 
obtain a general view, is less convenient, because it requires 
greater care; it possesses however the advantage of a more ex- 
tensive application ; it may be used even when the crystal con- 


tains so much iron that the axial action cannot overcome the 


magnetic attraction, as was found to be the case in a crystal of 
lepidolite. It is also applicable when the crystal is diamagnetic, 
and even in consequence of its form assumes an equatorial posi- 
tion. A crystal of topaz affords an appropriate example. In 


this case the diamagnetic repulsion and the action upon the axes 


combine to produce the action observed. 

42. The last paragraphs contain the first example of the man- 
ner in which the optic axes of a crystal may be determined by 
means of a magnet; and, what must appear surprising, the cry- 


_ stal may be opake, and every trace of crystalline form have dis- 


appeared. 

In the same way we can obtain an answer to the question, 
whether a solid, transparent or opake, uniaxial or binaxial 
crystalline mass, consists of elementary crystals (if I may be 
permitted to use this un-mineralogical expression), in which an 
Q8c2 
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axial direction predominates, or where this is not the case; 
as, for instance, the optical condition of melted sugar which 
shortly after solidification, comes under the latter, but after the 
lapse of some time, under the former category. 

43. When a sphere (or even a rotating cylinder with its axis 
vertical) is suspended between the two apices of the poles, we 
do not find any rotation occur -whether the mass be magnetic 
or diamagnetic. The only action which can come into play in 
this case, is the repulsion of the axes. If the sphere is made 
from a uniaxial crystal, each time it is suspended the axis 
becomes equatorially arranged. However, before it becomes 
fixed in this position, it makes oscillations about it, the rapidity 
of which is greater in proportion to the difference of the direction 
of suspension from the direction of the axis. A preliminary ex- 
periment with a sphere of rock-crystal 57 millim. in diameter, 
has shown that we may in this case obtain accurate admeasure- 
ments*. 

If, in any two different positions of suspension, we mark on 
the sphere the equatorial plane in each case, the section of the 
two planes determines the axial direction of the crystal. 

In the last determination the external form is of no conse- 
quence, provided we have convinced ourselves that in the mass 
under examination the axial direction has overcome its mag- 
netism or diamagnetism. 

Lastly, when the mass is made from a binaxial crystal, the 
middle line between the two axes in this determination assumes 
the place of the single axis. 

44, Faraday has already observed the modifications which 
occur when a body is suspended between two surfaces of the 
poles instead of the apices. As regards diamagnetic bodies, 
following experiment is characteristic. 

I placed upon each pole a parallelopipedal keeper 189 millim, 
in length, so that the surfaces of the poles, which formed a right 
angle 67 millim. broad and 27 millim. in height, were directly 
opposite each other at such a distance that a cylinder of bismuth 
34 millim. long and 6 millim. thick could oscillate freely between 


them. This cylinder of bismuth being thus suspended so that 


* I may remark here, that some other crystalline mass is best used for these 
determinations; for in rock-crystal the axial action was feeble beyond expecta- 
tion, and the phenomena in several experiments were but slightly apparent, less 
so than in any of the other experiments. 
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its centre of gravity was in the horizontal middle line between 
the two surfaces of the poles, arranged itself eguatorially as long as 
the centre of gravity was within the two planes of the lateral sur- 
faces of the keeper. As soon as it passed beyond one of these 
two planes, two stable positions of equilibrium were apparent, 
one in the direction of the middle line @xial), the other perpen- 
dicular to it (equatorial) ; when the centre of gravity was moved 
further away, the second only of these two stable positions of 
equilibrium remained, All these phenomena are perfectly ex- 
plicable on the assumption of a non-polar repulsion of the mass 
of bismuth by the poles of the electro-magnet. 

45. These phenomena, as also the position which a magnetic 
mass between the surfaces of the poles assumes, must be borne 
in mind when we allow a crystal to oscillate between the sur- 
faces of the poles, and we wish to determine @ priori the phaeno- 
mena about to result. The prism of tourmaline mentioned in 
paragraph 8, when suspended in the same manner as the cylinder 
of bismuth, became placed in the centre aziall y, in the planes of 
the lateral surfaces of the keeper equatorially, and further away 
again axially. The large plate of calcareous spar (paragraph 20), 
in all positions of suspension, arranged itself with its axis towards 
the middle line, overcoming the diamagnetism of the mass with 
the two planes of the lateral surfaces of the keeper, but beyond 
them supported by the diamagnetism. 

46. There could hardly be any necessity for confirming the 
fact, that the electro-magnet acts in the above experiments 
exactly in the same manner as a permanent magnet; but it was 
of interest to determine whether the latter possessed power 
enough to render the repulsive force of the axes visible. 

my request, M. vom Kolke, who with great talent and pa- _ 

e acted the part of my assistant during all the experimental 
investigations, repeated the experiments described in paragraphs 
4 to 6, first with the magnet of Ettinghausen’s magneto-electric 
rotation apparatus, and subsequently with a small horse-shoe 


_ magnet, which sustained barely a kilogramme at each pole. To 


approximate the poles, he placed at each end of the magnet, 
lying horizontally, a thick iron rod, the extremities of which 


__ were situated at a proper distance, so as to allow the plate of tour- 


maline to oscillate between them in the air. The result was 


_ perfectly decisive. 


47. The experiments detailed in the present memoir are, in 
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my opinion, sufficient to establish the general law laid down in 
the first paragraph, and the existence of a new force which had 
not hitherto been indicated by any phenomenon. The relation 
of the new results obtained by their means to the two discoveries 
of Faraday, which form epochs in science, is too intimate to 
allow of my passing it over unnoticed. 

It appears to me that philosophers do not yet attribute to one 
of these discoveries, viz. that a// bodies without exception are 
either magnetic or diamagnetic, that importance which it really 
possesses. Faraday has not only observed and described indi- 
vidual phznomena, like others before him, who could only have 
been acquainted with half of them, when they designated them 
as transversal magnetism, but he has announced a general law, 
to which I without hesitation subscribe; and he has pointed 
out an entirely new action of the magnet in diamagnetism, 
whereby the nature of magnetic attraction, which is already 
essentially so enigmatical, is rendered still more so. I have made ~ 
many but unsuccessful experiments to discover a diamagnetic 
polarity, or a test for matter in a state of diamagnetic excitation. 
The simplest hypothesis at present appears to me, especially if 
we wish to retain the established ideas regarding magnetic distri- 
bution, to be that in which diamagnetism is regarded as a general 
repulsive force of matter. 

As regards Faraday’s other discovery, I agree with the com- 
mon view, that in the observed rotation of the plane of polariza- 
tion there is no direct action of the magnet upon the light; but 
that this is primarily produced by a magnetic or diamagnetic 
action upon the ultimate particles of the mass, of which we have 
permanent instances in many bodies occurring in nature, but 
among crystals in rock-crystal alone, and this only in the direc- 
tion af the axis. 

48. My experiments have shown that a peculiar action is 
exerted by the poles of a magnet upon every uni- or binaxial 
crystal, for which we find an explanation when we suppose the 
resulting action to be a repulsion of the axial directions, which 
is independent of the magnetic and diamagnetic property of the 
matter. This repulsion is evidently connected with the form of 
the ultimate particles of the crystal, and appears to come into 
play where the magnetism is not. in a condition to produce a 
transient molecular change, the result of which is the rotatign of 
the plane of polarization discovered by Faraday. 
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Can we admit that the new repulsive force is a modification 
of diamagnetism, produced by the form of the ultimate particles 
of matter? It would then be remarkable, that this force is so 
strong, that, when the crystal is suspended in a certain position, 
it is capable of overcoming the originally much stronger mag- 
netic or diamagnetic directive force, when the poles of the mag- 
net are further removed apart. ‘The experiments proved that 
the new force diminishes less in proportion to the increase of 
distance than this directive force. 

At all events the forms of the ultimate particles of matter 
and the magnetic forces stand in mutual relation, which has 
brought us to the remarkable result, that we can determine 
crystalline forms by a magnet. Moreover, this renders the 
existence of a relation between those forces which are in action 
during crystallization and the magnetic forces extremely pro- 
bable. The most important point of view however is evidently 
this, that the directions, the repulsion of which results¢from 
the new exertion of force, are the very ones which stand in 
peculiar and exclusive relation to light, in which it does not suf- 
fer double refraction when transmitted through it. This relation 
will not remain long thus isolated. 
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ARTICLE IX. 


On the Relation of Magnetism to Diamagnetism*. By M. 
Pricxer, Professor of Natural Philosophy in the Univer- 
sity of Bonn. 

[From Poggendorff’s Anxnalen, October 1847. ] 


1. FARADAY has completely disproved the view laid down by 
other philosophers, viz. that diamagnetism is merely another 
manifestation of ordinary magnetism, by the single fact, that 
whilst a magnetic body (as instanced in iron) is attracted through- 
out its mass by each of the two poles of a magnet, a diamagnetic 
body is repelled by each pole throughout its entire mass. 

2. Hence the simplest supposition would be that, in which 
the maynetic and diamagnetic forces called into action opposite 
conditions of matter neutralizing each other ; a supposition which 
at a glance is seen to be supported by the phzenomenon con- 
stantly observed by Faraday, viz. that on mixing a magnetic and 
a diamagnetic substance, an intermediate condition is produced, 
which depends upon the proportions of the mixture: we need 
then only consider that the magnetic forces in ordinary cases 
* are incomparably stronger than the diamagnetic.. Every dia- 
magnetic body, when gradually mixed with a comparatively 
small quantity of a substance containing iron, appears at first 
less and less diamagnetic, and soon becomes magnetic. On the 
other hand, it is only in the case of very feebly magnetic sub- 
stances that we can succeed in converting the magnetic behaviour 
of a more considerable mass into the diamagnetic by the ad- 
mixture of a diamagnetic substance in not excessive quan- 
tity. We must here however suppose that by such an admix- 
ture the action of the magnetism is diminished, and that in a 
greater degree than if the substance added acted like an indif- 
ferent inactive mass. 


3. But what is even more opposed than anything to the sup- — 


position in the last paragraph, is the fact, that whilst an iron rod, 

macnetically excited between the poles of a magnet, exhibits 

_ polarity at its extremities, hitherto, notwithstanding all attempts, 

no trace of polarity has been detected in a substance diamag- 
* Translated by Dr. J. W. Griffith. 
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netically excited between the poles of a magnet. However, 
every idea of the tenability of the view in question must neces- 
sarily be given up in consequence of the experiment which I 
shall next detail. 

4, Even in my earliest experiments on the magnetic or dia- 
magnetic state of different vegetable and animal structures, in 
which especially very small masses were examined with the 
nearest possible proximity of the poles, I often found what ap- 
peared to me as anomalies, that these bodies, although placed so 
near one of the poles as to touch it, were repelled by it, yet they 
arranged themselves between the poles like a magnetic body. 
The wings of the cockchafer especially, which arranged them- 
selves magnetically between the poles, i. e. with their longitu- 
dinal direction from one pole to the other, when placed with their 
broad surfaces next one of the poles, were decidedly repelled by 
it, like a diamagnetic body. This was an anomaly the explana- 
tion of which I reserved for future experiments, because at this 
time the experiments on the action of the poles of the magnet. 
upon the optic axes had temporarily engaged my whole atten- 
tions These experiments, to which the former treatise has been 
devoted, were originated by the inquiry, as to what was the 
cause of the magnetism of certain vegetable structures, and 
whether the direction of the fibres did not perhaps exert some 
influence upon the position which vegetable structures assumed 
when suspended by a silkworm thread between the poles of a 
magnet. On resuming this question, I placed the barks of 
several trees, all of which were magnetic, so as to oscillate; and 
on doing so, especially with a piece of the bark of the cherry- 
tree of a rectangular form, about 15 millim. long and half this 
breadth, I obtained the unexpected result, that when this was 
suspended so that whilst its longitudinal direction oscillated 
horizontally between the two apices of the poles, which were 
approximated as much as possible, it could still move freely, it 
placed itself equatorially like a diamagnetic body ; but when the 
poles were removed further apart, or when the bark was raised 
above or lowered below the line of the poles, it became avial, 
like a magnetic body. It is evident that in this experiment, 
which I repeated with different pieces of cherry-tree bark of dif- 
ferent sizes and with the fibres variously arranged, there were 
two distinct forces in a constant state of activity, and that one, 
the magnetic, diminished less in proportion to the increase of the 
distance than the other, the diamagnetic. 


re 
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5. It appeared to me to be hazardous to form general conclu- 
sions upon magnetism and diamagnetism from the experiment 
detailed in the last paragraph, which I had made even before 
writing my former treatise, inasmuch as it was to be feared that, 
with the complicated structure and chemical properties of the 
substance used, some unknown extraneous cause might have 
produced the phenomenon observed. Further experiments must 
decide whether a// substances, which at a certain distance from 
the pole become placed (with slight force) magnetically, when 
moved nearer to the pole react diamagnetically ; and the next 
problem was, to find more simple substances which were mag- 
netic in the slightest possible degree. For this purpose, I took 
tinfoil, which was magnetic (probably from its containing iron), 
and fused it with some bismuth. With the proper proportions 
in this alloy (more bismuth than tin), which I poured out 
upon paper into a thin bar of about 15 millim. in length, I 
obtained my object. The bar was affected in exactly the same 
manner as the piece of cherry-tree bark, @. e. it became axial or 
equatorial, according as the apices of the poles were more or less 
distant from each other. From this I draw the conclusion, that 
it forms a general law, and not merely an isolated phzeno- 
menon. A similar one has already been observed by De la Rive 
in charcoal*, I may remark here, that whilst Faraday found 
charcoal magnetic, I found common wood-charcoal, as also box- 
wood charcoal prepared for electrical experiments, diamagnetic, 
which cannot surprise us, because the smallest quantity of iron 
mixed with it, which may even arise from the body, must 
make charcoal magnetic; and thus, among the specimens of 
charcoal examined by Faraday and myself, there would be some 
which are affected in the same manner as the above alloy. 

6. I therefore adhere to the following hypothesis, which at 
present has the best foundation, that the magnetic and dia- 

* The part of the Bibliotheque Universelle for June, p. 171, contains my first 
notice upon the relation of magnetism to the optic axes, as published in the 
Comptes Rendus, from a letter to M. Arago, dated June 14th, to which the 
following note is appended by M. De la Rive :— 

Like M. Pliicker, I have made a great many experiments upon the action of 
the magnet upon different bodies. I shall mention one here which has yielded a 
similar result to those obtained by M. Pliicker ; it relates to the action of the 
electro-magnet upon charcoal, a substance which I have sometimes found mag- 
netic, sometimes diamagnetic, according to its molecular state, and sometimes 
also according to its distance from the poles of the magnet. 

It was in consequence of this note that in the present short essay I treat of 


an object which it was my intention to discuss subsequently in connexion with 
some others, 
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magnetic forces coexist simultaneously ; and that, because the 
first of these forces diminishes less in proportion to the increase 
of distance from the poles of the magnet than the last, the same 
body may react, according to circumstances, at one time lke a 
magnetic, at another like a diamagnetic body. 
Several questions, which are important in a theoretical point 
of view, are connected with the above law, and lay open new 
paths to us. 
First, a conclusion drawn by Faraday from his observations 
is overturned; and, on the other hand, it is proved that it is 
impossible by the mixture of substances, the reactions of which 
are of the opposite kind, to procure one which is indifferent as 
regards magnetism and diamagnetism. 
It moreover appears, from the results which have been ob- 
tained, necessarily to follow that the same body, e. g. of a spherical 
form, at a greater or less distance from one of the poles of a mag- 
net, throughout its whole mass, may be at one time repelled, at 
another attracted; moreover, that a smaller and a larger sphere, 
composed of the same substance, and each time placed near one of 
the poles of the magnet, may be respectively repelled and attracted. 
7. The answer to the following questions would be more un- 
satisfactory. 
. Can the reaction of any diamagnetic body, when the power 
of the magnet is increased, be converted into a magnetic reaction 
by the augmentation of the distance? If so, at a certain distance 
no diamagnetic body in Faraday’s sense would exist. Is it not 

therefore probable, that if, by a more delicate method of sus- 
_ pension it could be so managed that-all bodies assumed a direc- 
__ tion in consequence of terrestrial magnetism, as they now do 

under the influence of a moderately-powerful magnet in one or 
_ the other manner, this direction would always be that only of a 
_ magnetic body? On the other hand, to what extent are we 
» capable of diminishing the magnetic action or converting it into 
the diamagnetic, even in strongly magnetic substances, by ap- 
proximating the central point to the action of the extremities of 
the poles as much as possible, and using the substance in small 
fragments ? 

Is a substance, which at one time reacts like a magnetic, at 
another like a diamagnetic body, necessarily a mixture of mag- _ 
netic and diamagnetic substances? Or, what still appears to 
me probable in accordance with my theoretical view, may not a 


simple body react in this manner? I consider that a direct 
answer to this question by means of experiment is at present 
impossible, because we could not ensure certainty that those 
simple bodies which exhibit slight magnetic and diamagnetic 
properties, according to Faraday, are really chemically pure. 

8. When we conjoin the observations described in the present 
treatise with those which I have detailed in the previous memoir, 
it results, that of the threefold action emanating from the poles 
of a magnet, viz. 

1st, the magnetic action in a strict sense ; 

2nd, the diamagnetic action discovered by Faraday ; 

3rd, the action exerted upon the optic axes of the crystals (and 
that producing the rotation of the plane of polarization, which 
probably corresponds to it) * ; 
the second diminishes more with the distance than the first, and 
the first more than the third. 
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9. As I was looking through the above memoir, it occurred to 
me (in which case the conclusion made at the end of paragraph 
5 would retain its general correctness) that Faraday might 
have found charcoal magnetic, and I diamagnetic, because I 
placed it so as to oscillate at a less, and he at a greater distance 
from the poles. Moreover, it appeared to me desirable to con- 
firm the general result in paragraph 6 by new experiments. I 
therefore made the following experiments, in which I again pro- 
ceeded in the manner described in the former memoir, but using 
ten feebly-excited Grove’s elements instead of the former five. 

10. I at first found my supposition completely confirmed. _ 
I examined four difterent pieces of charcoal successively, all of 
which were acted upon in exactly the same way; and, according 
as the distance of the extremities of the poles was more or less, 
arranged themselves magnetically or diamagnetically. I shall% 
only detail one experiment. One of these pieces of charcoal 
(ordinary wood-charcoal) was cylindrical, about 14 millim. long | 
and 6 millim. thick. When the poles were 17 millim. apart, it 
arranged itself equatorially ; but when raised 24 millim. above 


* The apparently equal illumination of the entire field by respectively equal 
intensities of colour, after the rotation of the planes of polarization in Faraday’s 
experiments, proves that the action observed here does not diminish very 
rapidly with the distance, 


ens 
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the line of the apices of the poles, the equatorial position was 
exchanged for the axial, in which it was distinctly retained even 
at an elevation of 54 millim. Again, when the two apices of the 
poles were separated 55 millim. from each other, on suspension 
in the centre between them, it became axial; but when suspended 
at a third of the distance, it assumed an equatorial position. 
The latter observation, that the same body, the apices of the 
poles being the same distance apart, but in different parts of 
this distance, reacted at one time like a magnetic, at another 
like a diamagnetic body, might have been anticipated from our 
view. 

11. A piece of dry apple-tree-wood and two pieces of deal, 
cut in different directions, and placed between the apices of the 
poles approximated to 17 millim., were more strongly diamag- 
netic than the charcoal; but, when raised, arranged themselves 
distinctly, but slightly, like a magnetic body. 

A cylindrical piece of lump-sugar, 19 millim. in length and 8 
millim. in thickness, exhibited the transition from the equatorial 
to the axial position perfectly. 5 . 

12. A fresh last year’s shoot of an almond-tree, 15 millim. in 
length, the apices of the poles being 16 millim. apart, was dia- 
magnetic, and remained so at all elevations; its entire bark was 
also diamagnetic, but at an elevation of 24 millim. rotated into 
the magnetic position. 

A last year’s shoot of a cypress-tree, 16 millim. in length, 
was diamagnetic at every elevation; the entire bark was the 


“same. But the brown external bark alone was decidedly mag- 


netic, as long as it could oscillate between the two apices of the 
poles*. 

When the apices of the poles were approximated to 6 or 7 
millim., and the piece of bark placed between them, it assumed 
a strongly diamagnetic position, and indeed was ejected from the 
line of the apices of the poles. When raised 4-5 millim., it again 


became magnetic. a4 
13. In a hen’s egg, magnetism only occurs in the white mem- 


* A general result, at which I arrived in the commencement of my experi- 
mental investigations, but which I can only allude to here, is, that the outermost 
bark of all plants is magnetic. All those experiments which have been made 
without a knowledge of the results detailed in the present memoir, although 
the general conclusions are not deprived of their accuracy, must necessarily be 
indefinite and inaccurate as regards the details, and require repetition under 


the new point of view. 
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brane which lines the shell internally. A piece of this membrane 
was also magnetic or diamagnetic between the poles according to 
the distance *. 


* To obtain the above result with certainty, it is indispensable, especially if 
_ the body to be suspended is light, to avoid giving it the requisite form with 
instruments of iron (I always use glass), or taking it up with the fingers if they 
have previously been in contact with iron and have not been subsequently 
washed. A piece of dry wood-charcoal, after having been rasped with an iron 
file, was magnetic under all circumstances, 
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ARTICLE X. 


Investigations on Radiant Heat. (Second Memoir.) 
By H. Knosiavuca*, 


[From Poggendorff’s 4Annalen, vol. Ixxi. part 1, April 29, 1847.] 


V. Comparison of the amount of Heat diffusely reflected by 
different bodies. 
TT is well known that reflexion occurring in all directions (called 
diffuse) must be distinguished from that which takes place from 
reflecting surfaces at a certain angle only. 

The latter, in reference to heat, has long formed the subject 
of numerous investigations, which have shown that the intensity 
of the reflected heat is dependent upon the nature of the re- 
flecting bodies}, the condition of their surface {, as also the in- 
clination of the rays incident upon these surfaces §, but that heat 
from different sources (in all bodies) undergoes this reflexion 
in the same manner || §. 


* Translated by Dr. J. W. Griffith. The first Memoir will be found at p. 188 
of the present volume. 
' + P. v. Musschenbroek, Introd. ad Philos. Natur., 1762, vol. ii. (De Igne), 
p- 653. Leslie, An Experimental Inquiry into the Nature and Propagation of 
Heat, 1804, p. 98. : 

¢ P.v. Musschenbroek, Introd. ad Philos. Natur., vol. ii. p. 654. Leslie, 
An Experimental Inquiry, &c., p. 99. 

§ Forbes, Proceedings of the Royal Soc. of Edinb., March 18, 1839. 

| Leslie, 7. ec. _Maycock, Nicholson’s Journal, vol. xxvi. p. 75. H. Davy, 
Elem. of Chem. Phil., vol. i. 

| Of course we only allude to true reflexion, which in the ordinary method 


_ of proceeding frequently cannot be directly observed. If, with different sources 


of heat, imperfect diathermanous substances be used for this purpose, e. g. a 
glass mirror, we should perceive differences on that side in the direction of 
which the reflexion occurs, accordingly as the incident rays emanate from one 


_ or other source of heat. But these differences would not arise from these rays 


being reflected by the reflecting surface with unequal intensity, but depend 
solely upon the unequal absorption which they experience on transmission 
through the glass, before they arrive at the posterior surface, the reflexion of 
which is in this case observed at the same time. 

Experiments with diathermanous bodies can only lead to accurate results with 
respect to this point when, as Melloni and Biot have ingeniously done, in the 
effects observed, the influence of the absorption occurring on transmission is 
taken into account. They otherwise yield either indefinite results, as the ex- 


dg of Forbes, Edinb. Trans., vol. xiii., p. 362; and of Buff, Wohler and 


iebig’s Annal., vol. xxii. p.170; or merely confirm the phenomena of trans- 


_ mission, as e. g. certain observations of Leslie (An Experimental Inquiry, &c., 


p- 102-107), in which the amount of heat reflected by a coated metallic mirror 
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With this is connected the fact, that a number of dissimilar 
rays of Heat are not altered by it in their properties, e.g. in their 
capability of passing through certain diathermanous bodies, as 
Melloni has shown in his experiments; he used well-polished 
metallic mirrors for this purpose. 

Observations on the diffuse reflexion occurring upon rough 
surfaces were first made by Herschel and Leslie; they could 
not however lead to accurate results, because in them the heat 
emitted by these surfaces themselves was not separated from the 
reflected heat. The diffusion was first accurately proved by 
Melloni, who protected the thermoscope from the rays of heat 
emitted by the reflecting body itself by a glass screen, whilst 
e.g. the heat of a flame diffusely reflected by a white plate, and 
which passed through the glass, exerted a perceptible action upon 
the instrument. 

As on reflexion at a definite angle, so also on diffuse reflexion, 
the intensity of the reflected heat of course varies according to 
the properties of the reflecting body and the structure of its sur- 
face, a result which is evident from the phenomena of absorption 
which have been already detailed, to which the phenomena of 
reflexion are complementary. The magnitude of the angle of in- 
cidence of the rays which reach the diffusely-reflecting surface, in 
this case exerts but very slight influence upon the intensity of the 
reflected rays. .An important distinction from simple reflexion 
consists in various kinds of heat being reflected in a different man- 
ner by one and the same body. Melloni, to whom science is in- 
debted for the great advances made in all these departments, dis- 
covered this phenomenon also. He observed that a white surface 
reflected the heat of a Locatelli’s lamp, according towhether it was 
used with or without a glass chimney, as also that of red-hot plati- 
num and copper heated to 752° F., with different degrees of in- 
tensity. 

Metallic plates only, the surfaces of which are rough, reflect 
heat from all sources in an equal degree, whilst lamp-black ex- 
hibits a scarcely perceptible amount of diffusion in any. 

It has not hitherto been determined whether heat, on diffuse re- — 
flexion, experiences changes in its properties which distinguish it 
Srom that which is not reflected. 

I therefore instituted a series of experiments on this point, 
was found to diminish in proportion to the thickness of the layer applied; a phz- 


nomenon which simply depends upon the fact, that heat is absorbed to a greater 
extent by a diathermanous substance of greater thickness than by one of less. 
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the chief results of which M. Magnus did me the honour of 
laying before the meeting of the Royal Academy of Berlin on 
the 29th of May 1845, a notice of which was taken from the 
Monthly Report of the Berlin Academy, and inserted in Pog- 
gendorff’s Annalen, vol. Ixv. p. 581-592. In the following me- 
moir I shall give the details of this investigation. 

It has been already mentioned, that of the two means which 
we possess of detecting differences in heat, that of radiation 
through diathermanous bodies is preferable to absorption, and 
at p. 227-230 instances are given of the great delicacy of this 
test-method. 

I therefore adopted it in the present instance also, and exa- 
mined “whether radiant heat permeates the same diatherma- 
nous media in dissimilar proportions, according as it is unre- 
flected or diffusely reflected by different bodies.” 

Great differences were in fact found. Thus, when the heat 
of an Argand lamp radiated upon the pile, so that the needle of 
the multiplier was deflected 25°, it receded to 15°19 when a 
plate of calcareous spar 3°7 millim. in thickness was inserted 
between the source of heat and the thermoscope. The 15°19, 
as is known, arose from the heat transmitted by the calcareous 
spar. But when the heat of the lamp, diffusely reflected by a 
carmine-surface, had produced the deflection of 25°, the needle 
receded to 22°31, when the same plate of calcareous spar was 
inserted at exactly the same spot between the reflecting surface 
and the thermal pile. The heat reflected by the carmine was 
therefore transmitted by the calcareous spar comparatively 
better than that unreflected. The same was the case with other 
diathermanous media. 

The rays of heat diffusely reflected by a large number of bodies 
were compared, in the manner above described, both with that 
unreflected and with each other (as regards their transmission 
through diathermanous substances). However, before proceed- 
ing to the results of these experiments, I must premise some 
remarks upon the method of proceeding which was adopted. 

To ensure the action of reflected heat alone upon the thermo- 
scope, care must of course be taken to avoid heating the reflecting 
bodies. This was effected by employing them in the form of 
the lateral surfaces of metallic cubes which contained water of 
the temperature of surrounding bodies. Thus, those which were 
to be compared with each other were spread upon different cubes, 
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so that each of them was exposed to the rays of heat for as short 
atime as possible. The following observations will show that 
the object was attained by this means :— 

1. When a surface has been heated (for the purpose of exa- 
mining the heat reflected from it by three diathermanous bodies) 
by exposure to the rays of heat for four minutes, it exerts no 
perceptible action upon the thermoscope; for the needle returns 
almost immediately to its original position as soon as the source 
of heat is removed, the position of the surface itself being unal- 
tered as regards the pile. 

The deflection produced by the direct radiation, and which 
was controlled before each new insertion of a diathermanous 
substance, is therefore not perceptibly increased even in this 
space of time, which should occur if the heat of the reflecting 
body itself were added in a constantly increasing quantity to the 
reflected heat. 

Within the 1°5 to 2 hours which comprised a series of ob- 
servations, and during which time a cube was exposed to the 
rays of heat at the most four times, the temperature of the water 
was not raised move than 0°'5 R. in any cube by the radiation. 
However, as the heat acquired by the surfaces inclined towards 
the thermal pile merely produces a deflection of about 1° in the 
multiplier, the errors arising from this cause in the observations 
made after the insertion of the diathermanous bodies cannot ex- 
ceed half degrees, within which the differences of the numbers 
prpecanentiy given may be considered as accurate. 

. On repeating the experiment several times, after the inser- 
Bon of the diathermanous substances, the same deviation of the 
needle is constantly observed; hence the quantity of heat which 
passes through it is always the same. If the deflection which 
ensues on direct radiation were produced on the repetition of 
the experiment, partly by the heat of the reflecting surfaces 
themselves, the needle, on the insertion of the diathermanous 
media, should exhibit less deviation than before, because the 
heat radiated by these bodies is comparatively less perfectly 
transmitted by these substances than the reflected heat of an 
Argand lamp (which was used in these experiments). 

Thus in five experiments a recess of 6°°25-6°5 of the needle 
was found when red glass was used, 4°°5 with blue glass, and 
3°°5-3°°75 with alin when the heat of the lamp was reflected 
by black velvet, and when the deflection produced before the 
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insertion was 13°. The repetitions of every three of these ob- 
servations were made at intervals of five minutes only. 

3. The radiation yields the same values when (as shown in 
subsequent experiments) one and the same reflecting substance 
is used in different degrees of roughness, although in this case 
unequal amounts of heat are absorbed and different amounts 
would be radiated, if the water contained in the cubes did not 
prevent this*. 

I therefore believe, that by the above process the absorption of 
heat by the reflecting surfaces is sufficiently diminished to allow 
of the assumption, that it has not perceptibly interfered with 
the effects of the reflected heat. 

The constant fundamental deflection, which must be produced 
by the heat reflected by the different bodies before the insertion 
of the diathermanous media between the reflecting surface and 
the thermoscope, might have been effected by approximating or 
removing the latter or the source of heat. But in both cases it 
was impossible to protect the thermal pile from all external in- 
fluences, and especially from the immediate action of the source 
of heat during the reflexion. I therefore preferred producing 
this deflection by a measured withdrawal and inclination of the 
reflecting surface in regard to the instrument; but, even then, 
to be enabled really to judge of the changes which it has under- 


* These relations do not exist when the cube is exposed to the rays of heat 
without water. The heat acquired by them then deflects the multiplier several 
degrees, and causes a diminution of the variations after the insertion of the 
diathermanous bodies in proportion to the extent of the share they have had in 
the constant direct deflection. This is evident from the following examples :— 


Deflection 4 
by the Deflection after the 
Reflecting surfaces exposed direct insertion of 
to the rays of an Argand | On a metallic cube.| radiation 
lamp. of the 
reflected | Red glass,| Blue glass,| Alum, 
heat. 1°5 millim.| 1°4 millim.| 1‘4 millim, 
Diesbach blue............ With water :..| 13° 7°50 5°50 3°25 
MHEG SAMC. ...002.00.0c06 Without water | ...... 5°25 3°75 1°75 
Red velvet ............... With water...... By 6°75 4°75 4°50 
The same ...... Sovcweets Without water | ...... 4°75 3°50 3°25 
White paper ............| With water...... 13° 18°50 15°50 14:00 
IPMS GATIC 102,...000.000 Without water | ...... 16°50 13:00 12:00 
IO ys odsises.oavckes With water...... 133 8°50 5°50 500 
The same ...., deafueeens|, Without. water |) .t2.2- 7°50 5:00 4:00 
Black lac ...............| With water...... 16s 10°75 8°25 6°50 
aC a oe Without water | ...... 9°75 7°75 5°50 
EOS BRS See oe sooeee| With water...... 26° 16°25 13:25 10:00 
The same ,......,...+...| Without water aye 16°25 13°00 10°25 
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gone by the reflexion of various bodies, I was obliged previously 
to satisfy myself that even the altered position of the reflecting 
surfaces, as regards each other, did not produce a change in the 
transmission of the heat by the diathermanous substances used 
as tests. 

Experiment showed that e.g. on inserting the red glass, a 
constant recess of 15° in the needle occurred, whether the direct 
deflection of 24° was produced by the diffuse reflexion of the 
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10:00 | 20° |...... 1 ae y a! 10:0) 30° }...... 15:00} 10:75 
10:50 | 80° | 24 | 15 | 11 10-5] 25° | 24 | 15-25] 10°75 


It is hence evident that the transmission of the diffusely- 
reflected heat by the diathermanous plates, within the limits of 
these observations, is perfectly independent of the distance, in- 
clination and size of the reflecting surfaces, provided that before 
the insertion the same action is exerted upon the instrument. 

The position of the diathermanous substances as regards the 
thermal pile was the same as in the other experiments made 
with them, in which it has already been shown (pp. 203 and 
204) that free radiant heat was the real agent concerned. 

1. In the first series of experiments which I instituted to de- 
termine the heat diffusely reflected by different bodies, I used 
the Argand lamp which has been so frequently mentioned ; this 
was kept at a constant level, had a double current of air and a 
cylindrical wick, and was used without the glass chimney. To. 
allow of the reflecting bodies being accurately compared in dif- 
ferent respects, they were divided into certain groups, which 
were never so far extended as to cause any fear of altering the 
conditions during the course of the experiments. 

I first examined a number of colouring matters, and very 
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heat of an Argand lamp, by a surface of white lead, the centre 
of which was 8 inches distant from the thermoscope, and the 
normal of which was at an inclination of 4° to its longitudinal 
axis, or at a distance of 9°75 inches and an inclination of 58°. 
The same constant was found at every other distance and in- 
clination, as also whatever was the size of the reflecting surface. 

The experiments which were instituted on this point are con- 
tained in the following table :— 


TABLE XXII. 


s 23 as 3 e 

Pp Ee 2B Re = 2 Deflection 

= 3 ae ey 5 1S after the 

NE O8 ES = oy insertion of 

i 5 | = aS 

va Be | Be s cs 

ae om Tar} a 3 as 

3 & Bede |i sy 3 he 

ee ai | ood 3 “3 /|¢6| gg 

ae) ‘a | om é |} SS | a 

2g Sa ie a a | 29s al tin 

3 aS 25 =) | o8 oA ef 

= Sa 5 ) og Sis = 

2 BS S35 3 Bee cece eri 

= Aa fe i a a 

Tin, ground dull ...| 85 |5°or55°| 8 centim. square 24 | 13:00} 10:50 

16:5 20°| 8 centim. square seeeee | 13°00] 10:50 
11:0 15°| 4 centim. square 18 | 12:00} 9-00 
14:0 0°} S8centim. square | ...... 12:25 | 8-75 
16-0 20° |15 centim.7 millim.sq.| 18 | 12:00} 9-00 


marked differences were discovered in them. Thus, when the 
direct radiation of the Argand lamp (through a diaphragm) 
upon the thermoscope had deflected the needle of the thermo- 
multiplier 13°, on inserting the red glass it receded to 6°59; 
but when a similar deflection of 13° was produced by the heat 
of the lamp diffusely reflected by vermilion, on inserting the 
same glass it placed itself at 7°04; and when the heat reflected 
by carmine had produced this deflection, at 8°33. -Thus the 
reflected heat, of the same direct intensity, passed through red 
glass better than the unreflected, and that reflected by carmine 
in a greater degree than that reflected by vermilion. The same 
occurred with calcareous spar. Thus the unreflected rays of the 


_ Argand lamp which passed through the plate of calcareous spar 


to the pile, deflected the galvanometer-needle 15°19, those re- 
flected by vermilion 17°81, and those reflected by carmine 22°31, 
when the deviation of the needle before the insertion of the cal- 
careous spar amounted in each of the three cases to 25°. 

The following table exhibits the differences which occurred with 
other reflecting pigments and other diathermanous bodies :— 
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TaBLE XXIII. 


if Deflection after 


Substances Deflection | the insertion by Deo 
ay ; inserted. by direct the unreflected 

erat radiation, | rssatthe | writelead | Carmine. 
1:5 | Red glass... 13° 6-59 7-83 8:33 

* * 
14 Blue Plassicces.-se+|| ceasceee 5:47 5:67 554 
1-4 RTE. ee scuwessn-clip escareees 3°44 4:08 4:96 

* 
4-4 Rock salt ......... 25° 21:94 23:13 23°38 

* * 
37 Calcareous spar...|  .......+5 15:19 19°94 22°31 

* * 
14 GYPSUM. sa.c-c eres |e deset tens 12:25 15°69 18°25 

* = * 

= 


(The numbers marked with an * deserve notice on account of their difference, 


The above, and all subsequently mentioned reflecting surfaces, 
were 8 centim. square in size. The numbers, which refer to a 
direct deflection of 13°, in these, as in all other cases in which 
it is not expressly otherwise stated, are each arithmetic means 
of six observations; those relating to a deflection of 25°, of 
every four observations*. The former were obtained by means 
of a multiplier, which M. Schellbach was good enough to lend 
me; the latter, by my own, which has been described at pp. 189, 
190, the delicacy of which allowed me to produce greater deflec- 
tions by the direct radiation of the reflected heat, without any 
fear of disturbance from the absorption of heat by the reflecting 
surface, 

I repeated each of the experiments six times merely because 
they were the first which I instituted with regard to this point; 
and thus I convinced myself, with perfect certainty, of the cor- 
rectness of my results and of the limits of their accuracy. Sub- 
sequently, when I experimented after greater practice, and in 
summer under more favourable conditions of temperature, four 
repetitions appeared to me more than sufficient. 

The relative superiority of the transmission by radiation of the 
reflected heat in comparison with that unreflected, which was ob- 
served in all (Table XXIII.) the instances detailed, completely 
lays aside any doubt which might remain regarding the origin 


* Thus each of the former is the result of twelve separate readings from the 


multiplier, since the direct deflection serving for comparison was controlled be- _ 


fore each new insertion of a diathermanous body, and each of the latter is the 
result of eight. 
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TasLe XXIII. 


after the insertion when the heat of the Argand lamp is reflected by 


Madder- Red Paris Green Chrome- Diesbach Ultra- 
red. cinnabar. green. cinnabar. yellow. blue. marine. 
783 7-04 7-75 7-75 7-79 763 | 7°58 

* 
5:54 550 5:67 5°67 5:63 5:50 550 
4:75 3°38 3°75 3°42 417 3°25 3°67 
* * 
23°31 22-94 23°13 23°25 23:06 23°06 23-13 
21:88 17°81 19:94 | 19-88 19-94 20-00 19:25 
* 
18-25 14:13 15-75 15-69 15°81 15°75 15°31 
* = = 
those series marked with an =, from their similarity.) 


of the differences observed from the addition of the heat of the 
reflecting surfaces themselves to the rays from the original source 
of heat; for, as we know (see Table XV. pp. 225 and 226), the 
former are less perfectly transmitted by all the diathermanous 
media used than those of the Argand lamp. Thus, to give a 
single instance, the rays of heat emitted by a body below 234° F., 
which have produced a direct deflection of 25°, after the inser- 
tion of the calcareous spar, cause the needle to deviate 5°69 ; 
those from an Argand lamp, exerting the same direct action, 
after the insertion of the same plate, deflect the needle 15°19. 
Hence, if the former were added to the latter, so as when united 
with them to produce a deflection of 25°, a less deviation than 
15°19 should occur after the insertion of the calcareous spar. 
An increase to 22°31, however, as we found e.g. with the car- 
mine (Table XXIII.), would be utterly impossible. 

It appeared to me interesting, with regard to the present 
question, to compare the same substances, but of different colours, 
with each other. 

On so doing, it appeared that, e. g. the heat reflected by white 
and black satin, as also that by white and black taffeta, could 
not be distinguished by radiation through the above bodies ; for 
the rays of heat emitted by all these surfaces, which passed 
through the red glass, deflected the needle of the multiplier 
7°°54-7°58, when their direct action produced an indication of 
13°, and those passing through the calcareous spar caused a de- 
yviation of 17°12-17°50 in the needle when the deflection before 
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the insertion amounted to 25°. The heat reflected by black and 
white velvet therefore radiates through the above substances in 
very unequal proportions; for when the heat was reflected by 
the former, the needle, on the insertion of the red glass, moved 
from 13° to 8°16; but when the reflexion was produced by 
black velvet, it receded from 13° to 6%5. On inserting calca- 


TABLE XXIV. 


. Deflecti 
It “aging i after fou Deflection after the 
Thick- |Substancesinserted.| direct memeiont by the 
etn Ton | zavsofthe | woite | Black | whit Red 
- 10n. 1 Ac. te e 
metten Argandlamp.| satin, satin. taffeta. taffeta. 
15 | Red glass ...... 13° 7-00 754 | 754 | 758 | 7-50 
* 
1-4 | Blue glass ......| ...... 5:19 5:28 5:24 5:28 5-21 
Deas PATI E riven ces] ices 3°31 3°96 3°96 413 4:38 
* 
4-4 | Rock salt ...... 25° 21°69 22°12 22°12 22°12 22°31 
3:7 | Calcareous spar] ...... 13-62 17:25 17°12 17°38 17-12 
* 
[rd | Gypsum ....0....| .s.00e 10°50 14:19 14:12 14:12 14:12 


Corresponding results were obtained on the comparison of 
other substances of different colours. Thus, the heat reflected 
by white paper, which had directly deflected the needle 13°, on 
the insertion of the red glass produced a deviation of 8°*29, that 
reflected by black paper a deflection of 6°:12; and on the inser- 
tion of the calcareous spar, the former caused the needle to 
deviate to 19°81, the latter to 13°°38, when the direct deflection 
amounted to 25°. If these values be compared with those repre- 
senting the portion of the unreflected rays which passes through 
the red glass and the calcareous spar, 7°46 and 14°56, it is 
evident that the transmission of the heat through these bodies is 
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reous spar, it receded in the first case from 25° to 19°62, and 
in the second from 25° to 15%5. 

Similar differences were observed in other coloured surfaces 
composed of smooth silk and velvet, as shown by the annexed 
table, which also exhibits the relation of the transmission of the 
reflected heat to that of the unreflected* :— 


TABLE XXIV. 


insertion when the heat of the Argand lamp is reflected by 


Green Black White Dark red | Light red Green Blue Black 
taffeta. taffeta. velvet. | velvet. velvet. velvet. velvet. velvet. 
* 


771 | 758 | sie | 671 | 692 | 667 | 650] 650 
* 


5°42 5°33 5°67 4-75 4:71 4:63 4:58 4:58 
4:08 3°96 5°86 4:13 4:67 4:13 3°50 3°50 
* * * 


22 38 22-31 21°69 20°88 20°94 21:00 20°88 20°94 

18°38 17:50 19°62 15°62 16°62 16°62 15°56 15°50 
* * 

15°25 14:06 16°75 12°75 14:31 14:25 12°38 12-31 
=e * * 


comparatively facilitated after reflexion by white paper, but im- 
peded by that from black paper. 

The same was observed with the other diathermanous media. 
The following table contains these differences, as also those 
which occurred on the reflexion of the heat by other substances 
of the same kind, of different colours :— 


* That the numbers which give the transmission of the unreflected heat 
through the diathermanous bodies in the different tables are not the same, de- 
pends upon their having been observed on different days, and thus under 
altered conditions. It would have been useless to have reduced them, because 
the comparison of the reflecting surfaces is never extended beyond a single 
group, within the limits of which it is of full value. 
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TABLE XXV. 


Il. Deflection Deflection after the insertion Deflection 
sai, after the | When the heat of the Argand lamp] after the 
oe insertion is reflected by insertion 
; Substances hee EY by the un- by the un- 
Thick- inserted. ech reflected . |) eect] 
parti nae rays of ie rays of the 
2 : Argan : A a 
a lamp. | Wie | Be 
15 | Red glass... 13° | 746 | $29 | 829] 612 | 7-75 
* * * * 
1:4 | Blue glass ......00.] ses 5:04 5:25 4-91 4:38 4:92 | 
Tee EA ies concoe ebb | ac6oeae 371 4:92 4:84 317 3°67 
* * * * 
4-4 | Rock salt ......... 25° 22-19 22°75 22°68 21-06 22°38 
3°7 | Calcareous spar ...| ...... 14:56 19°81 19°81 13°38 14:38 
* * * * 
1:4 | Gypsum .........c0e] ceneee 12-00 16°62 16°62 10°88 11°81 
* + |= * * 


Differences were also perceptible on reflexion by bodies of the 
same colour. 

On comparing together a number of white surfaces, I found 
e.g. that the heat diffusely reflected by ivory, the direct deflec- 
tion of which produced a deviation of 13° in the needle after 
the insertion of the red glass, produced a deflection of 7°'37 in 
the thermo-multiplier, that reflected by white velvet 9°-04. On 
inserting the calcareous spar, in the first instance, a recess of 


TaBLeE XXVI. 


I V. Deflection 


after the Deflection produced 

wie | tie | i See 

‘mille oe “rnd Gypsum. | Chalk, | White "sean 
ie. | Red elas | 763 | 900 | 900 | 900 | 921 
Weds | tae lass v0 -<vAe) toss 579 | 658 | 650 | 654 | 646 
Me AMI ciate. ercte tal taspeed 438 | 571) 575 | 571 | 571 
4-4 |Rock salt ......... 25° | 22-25 | 23-06 | 23:06 | 23:13 | 23-00 
3:7 | Calcareous spar...| ...... 14:94 21 20°25 20:25 18 — 
DPA PGrV SUM ececccesnces|| eccces 11:75 ar 16°85 16:75 whe 


I also made the same experiments with black surfaces as with 
the white. It was then found, that e. g. the heat reflected by 
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TABLE XXV. 


Deflec- 


tion - : 
Deflection after the insertion when the heat of the Argand _|after the pia ane are of tha 


lamp is reflected by een Argand lamp is reflected by 
y the 
unre- 
flected 
core Brown | Black 


Red | Green | Blue : : 
White | Red | White | Black the | Yellow : : 

woollen | woollen | woollen Spanish | Spanish 

tapestry. |tapestry.|tapestry. wool. | wool. | cloth. | cloth. =e Heather: leather. | leather, 


867| $71} 871| 835) 8-42| 7-41| 7:33] 7-83) 9-00| 8-83| $-92 
* * 


5-92} 5-88) 5:88] 6:00} 600! 5:16} 5-00] 550] 5-75|' 558] 5-50 
5°83| 5:37| 546| 5:56| 5-62| 466) 454| 4-08| 525| 4-92] 4-75 
* 
23-50) 23-00 | 22-94) 23-00| 23-00) 22:75| 22-75 | 22-19 22-31| 22-44| 22-37. 
21-31) 20-75) 20-75| 20:56| 20-62| 19°62] 19:56) 14-75) 18-25| 18-44| 17-25 
* * * 
18:75 | 17-25| 17-25| 17-88| 17'81| 1656| 16-63] 11-56| 14-88] 14-88] 13:88 
* = ad eee * 


=|= * =|= 


the needle from 25° to 17°44 occurred ; in the second, from 25° 
to 21°31. 

The following table contains the observations which were 
obtained on the transmission of the heat reflected by different 
white bodies through the diathermanous media used for testing 
them. On comparing it with the unreflected, it is evident that 
all except that which is reflected by silver having a “dead” polish 
can be distinguished by means of transmission from the direct :— 


TABLE XXVI. 


after the insertion when the heat of the Argand lamp is reflected by 


Pe White 
White | Por- | satin | White | White | White | White | White | Mother a? 
Sint celain.| or velyet. | linen. | paper. | cotton. | wool. Ba VORY« vers 
core taffeta. yan 


9:04, 9:09} 9-04 9:04 9:21) 9:29) 9:21] 9-00 BSS 7:37| 7°58 
621) 658) 650) 613| 646) 646] 650) 646) 6:13 5-96 5-83 
554) 567| 5:46 oo7 571) 5°75) 5°83 G08 ny 5°83} 4:38 
Sepa) 224] 2213) 2220] ese] 2250| zone] ae12| soee| azo ana 

* 


* * 
16°88 | 16°81) 16°81} 18-69] 16°88) 16-88) 16-94] 18°31] 17°56] 15-81] 11-59 
* * * * 


black paper, which caused a direct deflection of 13° in the needle, 
on introducing the red glass, produced a deflection of 8°03; 


. 


396 » KNOBLAUCH ON RADIANT HEAT. 


and that reflected by black lac, under the same circumstances, a 
deflection of 10°64. That portion of the former which passed 
through the plate of calcareous spar retained the needle of the 
galvanometer at 14°-75; the portion of the latter permeating it, 
at 20°38, when the direct radiation of the reflected heat had 


TaBLe XXVII. 


V. 
Deflection d f 
efides = the Deflection after the insertion when the: 
Subst tion by | "hy the. 
Sua Sneeee ee entietiected 
milli- tion. |F2Y8 of the : 
pigtrow. Ae aig apanate Asphalt es 
copper iron eta 
1-5 | Red'giass’ .......1. 13° 9°32 9°96 10-14 10°64 9°6F 
* 
TrAt | Blueiglass”...00..5) Ske0e 7-66 7°36 7°89 8-18 8:07 
NA PALE Sede asesas civadel ies sve. 5°85 6-29 6:64 6:57 6-79 
4-4 | Rock salt ......... 25° 22°25 23:12 22°69 22:88 22°94 
3:7 | Calcareous spar...| ...... | 16°75 20:06 20°94 20°38 19°81 
* 
14 SUG DSUMti swsesaecs onal ace eee 14:00 16:00 16°88 16°12 16-19 


Excepting black wood-charcoal and brown coal, none of the 
surfaces of the varieties of coal used reflected sufficient heat to 
allow of their being experimented upon by transmission. 

The diffusion is most feeble in lamp-black and animal char- 
coal. This renders the changes which the heat suffers on re- 
flexion from the surfaces first mentioned the more remarkable. 
Thus, the rays reflected by brown coal pass through red glass, 
alum, calcareous spar and gypsum to a greater, those re- 
flected by black vegetable charcoal through the same bodies to 
a less extent than the unreflected rays of the lamp. The fol- 
lowing numbers correspond to the quantities of heat which were 
diffusely reflected upon the thermal pile at the same and 
the most favourable position with regard to the Argand lamp, by 
Indian ink, lamp-black, animal charcoal, fossil coal, coke and 
graphite :— 

TaBLeE XXVIII. 


Deflection by direct radiation when the heat of the Argand 
lamp is reflected by 


Inclination 

VI i, of its nor- 
———_ mal to the 
Size of the | longitudi- 


reflecting | nal axis of eae Lamp- Animal 5 
eaten the pile. Indian ink. black, charcoal. Coal. Coke. Graphite. 

8 centim. 32° 2:80 1:90 5:10 7:05 
square. * * 


+ Black Spanish leather e. g. produced under the same circumstances (by 
the heat which it reflected) a deflection of 26° in the multiplier. 
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placed it at 25°. Only heat diffusely reflected by sheet iron 
passed through the diathermanous substances in the same 
manner as the unreflected heat, as may be seen from the 
subjoined table, which contains the details of this investiga- 


tion :— 
TaBLeE XXVII. 
Deflec- | Deflection after 
tion the insertion 
i after the] when the heat 
heat of the Argand lamp is reflected by ieerinl) oft Agee 
by the | lamp is reflected 
unre- by 
flected 
Black rays of | Black 
Black Black Black Spanish Black Iron the wood- | Brown 
velvet. paper. cloth. lo os glass. plate. |Argand| char- coal. 


lamp. | coal. 


8-79 8-03 9-32 9°50 8-25 9:29 9:06} 8:25} 10-25 
* * * * * * 
7°25 6-96 7:75 7-43 6-79 711 7°88| 7:50] 7°56 

* 
611 5°36 7:07 671 5°94 5°57 575| 531) 6:06 
* * * 


21°50 21:12 22-12 22°75 20-88 22°12 | 22-12) 21-31} 22-12 
18°62 14:75 20:00 20:06 15-12 16°81 | 16°50) 14:69| 19-50 
* * * * 


* * 
15°31 12-75 17°25 16°69 12°62 13-69 | 14-44] 13-12] 16-56 
* * * * * * * 


Thus black bodies, as regards luminous rays, observe the same relations as 
those which are coloured to heat. 


The rays of heat reflected by certain homogeneous bodies passed 
through the diathermanous media in an unaltered proportion. 
Thus, on inserting the red glass after a direct deflection of 13° 
had been produced by birch-wood, cork or mahogany, the needle 
became placed at 8°-08 to 817, and on the insertion of the cal- 
careous spar, at 18°50 to 18°62, by whichever of these three 
surfaces the heat was reflected, to deflect the needle 25°. 

The same occurred with metals and alloys, in which the pecu- 
liarity was observed, that the heat diffusely reflected by their 
surface after it had received a “ dead” polish, is undistinguish- 
able on transmission, a result which is in conformity with the 
proposition laid down by Melloni, that rough metallic surfaces 
act towards heat in the same manner as white bodies upon light, 
€.g. on insertion of the red glass, the needle of the multiplier 
receded from 13° to 7°91-7°75, and on inserting the calcareous 
spar, from 25° to 15°33-15°08, when the rays of heat either 
directly reached the pile, or were diffusely reflected by gold, 
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platinum, mercury, copper, lead, brass, or any other metal or 
alloy. 
The following table shows how great this agreement of the 


TABLE XXIX. 


VII Deflection Deflection after the Deflection 
: Deflec-’| 2fter the | insertion when the heat | after the 
; Sabdianaes tion by pre tag of the erent sa is ae Deflec- 
be cage inserted. at ee ae i al sored 
milli- tion. |7¥S O° ©) Birch- Maho- | 7#YS Of fe 
metres. ‘ae, wood. | Cork: gany. Tn Gold. 
15 | Red glass ...... 13° 7°67 817} 8-08} 817 7°87 791 
1-4 | Blhe glass ......] see 5°92 6:33| 633) 6:42 6:25 6:29 
D4) ATOM oc oeresss.-|] lessees 4:33 5°50] 5:50} 5:50 4:96 491 - 
4:4 | Rock salt ...... 25° 22-81 | 22°81) 22°75) 22°88) 22-75 | 22-67 
3-7 | Caleareous spar} ....-. 15:44 | 18°62} 18:50) 18°56) 15°33. | 15°17 
1-4 | Gypsum .........] ...+0. 12°75 | 15:69] 15-69] 15°69} 12:33 | 12-08 
32° direct 
15 | Red glass ...... i i 10°66 | 11°75} 11:58) 11-75} 21-00 | 21-00 
1-4 | Blue glass ......] ...-.. 9°42 | 9:25) 9-17) 9:17) 16:25 | 16:50 
M4 fAltm otic... .c00]\ coucre 6°83 8-42] 833) 833} 11:25 | 11:75 
40° direct 
4-4 | Rock salt ...... 30° 27:00 | 27:00| 27:25| 26:°90| 36:50 | 36°75 
3°7 | Calcareous spar] ...... 18-00 | 21:25] 21:00| 21:25) 25:75 | 25-50 
M4 Gy PSUI wos .ccct|, scesne 14-25 | 18:00} 18:00} 18-25; 19°75 | 19°75 


The comparison of the heat reflected by some perfectly hete- 
rogeneous surfaces led to the same results as the experiments 
just detailed. 

Thus, the rays of heat reflected by green oil-cloth, which 
passed through the red glass, produced a deflection of 7°-0, 
those reflected by white calico, which were transmitted through 
the same plate, a deflection of 8°-5, when the needle had de- 
viated 13° before the insertion; and those passing through cal- 
careous spar produced in the first instance a deflection of 18°, in 
the second of 20°81, when the thermoscope by the direct action 
of the reflected heat indicated 25°. 

The heat reflected by yellow marble and birch-wood, however, 


TaBLE XXX. 
VIII. Defiection Ep iaieston by mpage is i ee 
———| _ Substances inserted. by dirett’ |the*umreflected | |-=——_--— ee e 
Thickness radiation. rays of the Brown White 
in millim. Argand lamp. velveteen. calico, 
15 | Red glass ............ 13° 7-75 8-08 8:50 
e * 
1-4 | Blue glass ............] s0... 4:92 5-79 6:25 
* 
tla) APUG SS SBasecepcoeed peceoecc 3°67 5-21 5-25 
44 | Rock salt ....0....00 25° 22:38 23-00 23-25 
3-7 | Calcareous spar ......|  ...+06 14:38 20:50 20°81 
* * 


FMGE Gy pant 5 seasciestsaco] pees 1181 17-19 17-44 
* 


- 
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deflections was, in various surfaces of woods and metals, for all 
the diathermanous media used, and at greater deflections than 
those above mentioned :— 


TABLE XXIX. 


tion after the insertion when the heat of the Argand lamp is reflected by 


: Alloy of 
. Plati- | Mer- . . German 
SSUES ye Tron. Tin. Zinc. |Copper.| Lead. i Brass, Sie 


———— | | | | |, | | 


radiated through the diathermanous media in exactly the same 
proportion. Thus, on inserting the red glass, each deflected the 
needle of the galvanometer 8°14 to 8°17, the direct deflection 
being 13°, and on inserting the calcareous spar, 17°62, when 
the direct deflection amounted to 25°. They are however well 
distinguished by the heat diffusely reflected by a metallic sur- 
face, which, like that unreflected, on inserting the glass, caused 
the needle to recede from 13° to 767, and on introducing the 
calcareous spar, from 25° to 14°44. 

The subjoined table contains the details of the observations on 
these and some other reflecting surfaces, as found with the dif- 
ferent diathermanous bodies :— 


TaBLE XXX. 
when the heat of the Argand Deflection after | Deflection after the insertion when the heat 
reflected by the insertion by of the Argand lamp is reflected by 
<<<... |. . | the unreflected ai oP a te Sd en ee 
Gray Green Black rays of the Birch- Yellow Metal 
calico. | oil-cloth. | velvet. Argand lamp. wood. marble. i 
8:33 7:00 6°67 7°67 8:17 8:04 7:67 
* * 
625 | 500) 4:83 4-92 5°33 5:33 496° 
Pa 
5°50 3°75 3°96 3°33 4:50 4:56 3°17 
* & 
23°25 22°25 22-19 22°81 22°81 22°81 22:88 
20°75 18-00 17:50 14-44 17:62 17-62 14:44 
* 


17-50 14°69 14°44 11:50 14°69 14°56 11-75 
" —|=> 
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By these results it is therefore placed beyond all doubt, that 
heat, on diffuse reflexion, is very differently modified, by some 
bodies to a great extent, by others it is unchanged. 

It is evident, from the following observations, that these 
changes, when unpolished bodies are used, are independent 
of their degree of roughness; for, e.g. a deflection of 7°°63 to 
7°75 is constantly found on the insertion of the red glass, 
whether the heat of the Argand lamp is reflected by a more 
or less rough surface of wood, to cause a deviation of 13° in 


TABLE XXXI. 


IX. ' Deflection after 
: Deflection Birch-wood. 
Thickness Substances inserted. eigireo 
in milli- eee b Still 


metres. Smooth. | Scratched.) Rough. | .44 gher. 


Red glass ....s.00-..: 13° 771 775 763 7:75 


15 
1-4 | Blue glass ........0006[  seseee 5°75 5-79 5:83 5:79 
Bie A Uae rc, ccediem «; act) alkonice 5-21 5°33 5°25 5°38 
4-4 | Rock salt .....ss.00 25° 22-81 | 22°88 | 22-75 | 22-75 
3-7 | Calcareous spar ......| «++... 18°50 18:56 18-62 18:50 
ch | Gypsies olde Rihens| cep. 15-75 | 15°69 | 15°50 | 15°75 


As was to be expected, the alteration of the transmission of 
the heat after reflexion in one diathermanous substance, bears 
no relation to its passage through any other. 

Rays of the same direct intensity reflected by carmine (see p. 
389), white velvet (Table X XIV.), and many other surfaces, are 
transmitted by all the six diathermanous bodies with which we are 
acquainted in a greater degree than the unreflected, and those re- 
flected by black paper (see p. 394, Table X XV.) and wood-char- 
coal (p. 397) are transmitted by all in a less degree than the un- 


TABLE XXXII. 


X Deflection ! « 
. D after the Deflection after the insertion 
: dels insertion 
. y the 
tion | unreflected 
Phicke|) © -abstances gee ayerof the [nBlede«|.aGeein rate White | Car- 
—_ in fa — velvet. | velvet. | J oiet. velvet. | mine. 
Ss ; amp. 
metres tion 
a..b <3 c..b C2... Nd, GF, gy ee |. 
1*5 | Red glass ...... 13° 7:00 650) 667| 671) 9:00) 904] 10:04 | 
1-4 | Blue glass ...... A086 5:19 458) 463) 4757 658] 613) 663 | 
U4 Alum: |...05.-...- 288 3°31 350} 4:13) 4134 5°71) 667) 6:17 
4-4 |Rock salt ...... 25°} 21-69 | 20:94] 21-00] 20-88} 23-06] 23:00| 24-00 
3°7 | Calcareous spar | ... 13°62 | 15:50] 16°62] 15-62} 20-19) 21°31} 21-31 
1-4 | Gypsum --...... se | 10°50 | 12°31] 14:25] 12:75] 16:87} 18:69] 17:69 
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the needle. The same is the case with the other diathermanous 


substances. 

In the case of metallic surfaces, the diffuse reflexion from which 
does not exert the least influence upon the transmission of the 
heat by radiation through those diathermanous plates which have 
been hitherto experimented upon (see Table XXIX.), it is, in 
fact, a matter of indifference whether they are used in a reflecting 
or any other condition of the surface. In this case also the sub- 


joined table contains the values observed :— 
TaBLe XXXI. 


the insertion when the heat of the Argand lamp is reflected by 


Sheet tin. Copper. Lead. 
Scratched | Scratched | Scratched ‘Deeply en- Scratched 
Reflecting.| longitudi- | inboth |inacloudy| Smooth. | gravedin | Smooth. | in both 
dinally. | directions.| manner. both direct. directions. 


—q—]| —_——£@- — | oo — | | EE 


4:58 4:58 4:58 4:58 4°50 4:25 4:50 4:50 
22-67 | 2258 | 92-75 | 22:58 | 29:50 | 29-75 | 29-75 | 22-75 
15°44 15°25 15:17 15°50 15°50 15:25 15°25 15:50 
12°50 12°33 12:17 12°44 12-25 12-25 12°50 12:25 

reflected rays. But the heat reflected e.g. by green velvet 
(see p. 393) radiates through alum, calcareous spar and gyp- 
sum better than, red glass as well as, and rock-salt less perfectly 
than the direct rays of the flame. The same occurs with other 
surfaces. 

In the following table I have grouped some examples which 
are characteristic in this point of view, in which those columns 
especially which are marked with the same letter when compared 
exhibit peculiar relations :— 


TABLE XXXII. 


when the heat of the Argand lamp is reflected by 


White | Red Peroxide Mother-| Rea | Green | Brown | Black Black | Black 
i on Ivory. of- Spanish | Spanish ‘ 

wool. |tapestry.| of tin. pearl, taffeta. | taffeta. fy) eather.| leather. J8¢- | cloth. 

9 7 A EO Sel beck | -Men,|, Rete oO. scam Bie « 


900) 925) 921) 7:37| 833| 9:00] 9-21] 883 10:64} 9:32 

646) 638) 6-46| 5-96) 613] 646] 667] 5-58 8:18) 7:75 

658) 679) 5-71) 5:83) 613] 5:58) 5-28] 4:92 657) 7:07 

28°18 | 23:62 | 23-00 | 21-94| 22-56 | 23-12| 23:19] 22-44 22-88 | 22-12 

20°81 | 21-50} 18-38| 17-44| 19-06| 18:56] 19-86] 18-44 20°38 | 20-00 

18°31| 19-12} 15:12| 15-81| 17-56| 15-56| 16-69] 14-88 16:12 | 17:25 
oe 


* Those numbers separated by the dark lines are not comparable with each other. 
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Thus the rays of heat reflected by white velvet pass through 
alum and gypsum in a greater, through calcareous spar in an 
equal, and through red and blue glass and rock salt in a less 
proportion than those reflected by carmine. The heat reflected 
by peroxide of tin passes through red glass more freely, blue 
glass, alum and rock salt in the same proportion, and calcareous 
spar and gypsum in a less degree than that reflected by mother- 
of-pearl. The values obtained on the transmission of the heat 
reflected by black lac and black cloth through the above bodies 
exhibit a similar variation. The rays reflected by red and green 
velvet permeate red and blue glass, alum and rock salt in the 
same, calcareous spar and gypsum in a different manner. 

It would be tedious to consider in detail the other instances, 
which lead to similar results, and completely confirm the position 
already advanced (p. 202), viz. that the transmission of heat 
through diathermanous media depends solely upon the nature 
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TABLE XXXIII. 


ick Defiec- | Deflection after the insertion by | Deflec-| Deflection after 
fea : tion by ——————| 20 BY, era 
milli- Substances inserted. ra Argand pee rin nee Metallic _— Argand ier 
DEB tion. * | num. |alcohol. |°7#4er| ‘tion, | 1™P- | num. 
15 | Red glass ...... 13° | 10°50} 7:00) 5:50} 3:25) 25° | 13°50} 11:50 
4) }Blue’ glass’ .s0-|" =... 8:50) 6:00) 4:00) 3:00] ...... 12:25 | 11:00 
OA Alum. ...... cvuvecbeorsass 6:00} 3:75). 2°50} 2:00) ...... 9:50| 7:50 
4:4 | Rock salt ...... 20° | 18-25] 17:00} 16-00) 14:00} 25° | 22:00) 21:00 
3:7 | Calcareous spar] ...... 12°50) 9:50] 850) 6°50! ...... 16°75 | 10°75 
MAS GypRoM.: .... Geetie- so. 10°50} 850} 6°75| 7:00] ...... 12:50| 9-25 


I. I first produced reflexion from those surfaces which in the 
previous observations had exhibited the greatest differences. 
The results to which the experiments with the Argand lamp led, 


Taste XXXIV. 


‘Thickness Deflection Deflection after 


in milli- Sub i d. by direct 

Sn Marea radiation. |Metalornot! Gypsum. | Carmine. 
Mb. | Red plage) -tyeceiverenoceub'se--. 13° 8°50 8-75 10:00 

: * 
1:4. | Bluesglass <cs.'.. <<. cadsSoots.|\+ “wakes 6:50 6°75 7:00 
fla seas RAMI Sect ose cavcaecs coaeeos sec] miveaeses 5:00 6°25 7°25 

: * 
Ante o ri Roel? Sale| ‘sesssevassivcevess fe 20° 18:00 18-00 18°37 
3:7 | Calcareous spar .......6e..s000|  eereee 12°12 15°50 16°75 

ok 
PASH GYASUM seiiteireseoccesth cece) ebees 9°87 13:00 13:87 

* 
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of these bodies, by virtue of which they transmit some rays more 
easily than others. 

2. The next question was, how the modifications of heat pro- 
duced by diffuse reflexion, which ensue on their transmission 
through diathermanous substances, would be affected by different 
sources of the heat. 

For this investigation, in addition to an Argand lamp, I 
made use of platinum at a red heat (p. 163), the flame of 
alcohol (p. 193), and a metallic cylinder, which was heated 
by being placed over the flame of the Argand lamp (p. 
198). 

We know that the rays of heat emitted by them are of different 
kinds, by the unequal proportions in which they pass through 
the same diathermanous bodies, and as may also be seen in the 
following table, in which they are given for different direct de- 
flections :— 


TABLE XXXIII. 


the insertion by | Deflec- | Deflection after the insertion by | Deflec-| Deflection after the insertion by 


— | | tion by tion by 
‘Flame Metallic ek Argand apart Wingse Metallic het Argand arse vlvane Metallic 
cylinder. tion. amp: | num. | alcohol. cylinder. tion. lamp. num. | alcohol. |°¥inder- 


| tr) 
alcohol. 


7:00} 30° | 20:25) 18:25} 14°87) 8-00} 50° | 35-00} 30-00] 29-25 | 17-50 
1050| 6:75| ...... 16°75 | 16:25 | 14°12] 7°87) ...... 82-50} 28:50| 28-25 | 16-50 
6°25} 6:25] ...... 11°75| 8:50) 7°87) 7:62) ...... 21:50) 16:25} 15-50) 15-50 
1950 | 17:°50| 30° | 26:50} 25°37 | 23:50] 21-50) 50° | 46-00} 45-50! 43-25! 42-50 
10-00) 7-25} ...... 17-50} 11°87) 11:25] 7:62) ...... 39°00} 25°50| 24:00 | 12-50 
750) 7:50) ...... 13°50| 9°87] 852] 8:00] ...... 27:50| 20:00| 16°50 | 15-00 


_ are contained in the following table, and require a new arrange- 
ment for this method of grouping them :— 


TABLE XXXIV. 


the insertion when the heat of the Argand lamp is reflected by 


Oxide of Red White Black Black White Green 
copper. taffeta. velvet. velvet. paper. wool, oil-cloth. 

8°50 9°00 9-00 8:25 7:00 9-00 8°25 
* * * 

650 6°50 6-50 6-00 5°75 6°75 6:00 

5°50 6-50 775 6:25 5:00 7:50 6-00 
* * * * 

18-00 18-00 18-00 17:37 16°62 18-00 17°50 

15°37 15°12 16°50 13°37 10:50 16:37 13°62 
* * * * 

12-00 12-25 14:62 11:37 8:75 14°14 11:37 
* * a * 
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It is hence evident that e. g. the needle of the galvanometer, 
which had been deflected 13° by the reflexion of the heat from 
the above source, receded to 10° on inserting the red glass 
when the heat was reflected by carmine, and to 7° when by 
black paper; or when it had deviated 2U°, on the insertion of 


TABLE XXXV. 


i ft 
Thickness Deflection Deflection after 


i illi- Sub: i d, by direct 
raeeee oe ee ee Heenan, pie meld Gypsum. | Carmine. 
MCDM ReCPlAGS els. ween cas.cattersncre 13° 7:04 77) 8:79 
* 
UPA TM sBle elasnece tess. scctseve ie cel tts sea 6-00 6:46 7:00 
eA tape PATI Ye tacter acc tres datarectodl Meee ~ 3°66 379 4:54 
* 
AAS ew WRock salt ts cceaeet.-vecenseess 20° 18-13 18-00 18°50 
37/9 MiCaleareous;Spariic-sevcccescces|) veoeess 10:63 12-94 14:81 
* 
MAY NG YPSULY os.tccessccsteecsercesss|! lotsens 9°25 113 11-63 
* 


It was found that the heat reflected in this instance by car- 
mine, when it again produced a direct deflection of 13°, on in- 
serting the red glass produced a deflection in the thermo-multi- 
plier of 8°°79, and that reflected by black paper under the same 
circumstances an indication of 6°°42; or on the insertion of the 
calcareous spar, the former a deflection of 14°81, the latter of 
9°-69, when the direct action of the reflected heat had caused the 
needle as before to deviate to 20°. 

Thus the differences in the heat reflected by carmine and 


TABLE XXXVI. 


* Deflection after 


scape rea Pafection 
i illi- Subst i ted. lirect 
GAEeee, 7 ha cetiadarh poseeeaecl Gypsum. | Carmine. 
NO SWER NGG RTE) BeBe geecriden: Sogeebc: 13° 4:87 5:00 5°75 
* 
M45 i Blue elas Mee. csess. cavertcoces|) maptees 4:00 4:25 4:62 
DAT S| PANUNA G seaitecewes np su nesta esas re beri 2°50 2:50 2-62 
* 
APA S| ROCK HANG a aeie oa'sotapeeeies soe 20° 15°50 16:00 16:50 
377 - |\\Calcareous spar ...\ivcorec...t|) taseee 8°63 9°50 10°75 
* 
LA orONG y PSU orcens aviaceacteeanarese|| weadters 7-00 8°25 8°87 
* 


Thus, when the heat of this flame was reflected by carmine, 
so as to deflect the needle of the thermoscope to 13°, on inserting 
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the calcareous spar, in the first case to 16°75, in the second 
to 10°5. 
The repetition of the same experiment with the rays of 


red-hot platinum yielded the results detailed in the following 
table :— 


TABLE XXXV. 


the insertion when the heat of the red-hot platinum is reflected by 


Peroxide Red White Black Black White Wood Green 
of copper. | _ taffeta. velvet. velvet. paper. wool, 00a | oil-cloth. 


8-33 7:92 7°25 7:00 6-42 7:25 7°21 7°33 
* 


6°67 6-63 6°25 5:79 5°42 6:25 6:04 6:08 
3°75 4:08 4:50 371 3:37 4:25 3°92 371 
* 


18-00 18-06 18-00 17:50 16°63 18-00 18-00 17:38 
12°88 12-50 13:63 12-25 9-69 13°44 12°38 12°25 


4 * * * * 
10-56 10-69 11°56 10:38 8°56 11-13 10-63 10°31 
* * * * 


black paper, when transmitted through red glass and calcareous 
spar, are less with the rays of red-hot platinum than with those 
of the Argand lamp. The same applies to the differences which 
occur in the other diathermanous bodies, and in consequence of 
reflexion from all other surfaces. 

The reflexion of the heat of a flame of alcohol, when examined 
in the same manner by means of transmission, led to the values 
expressed in the subjoined table :— 


STE DI ie 


TaBLE XXXVI. 


the insertion when the heat from the flame of alcohol is reflected by 


Peroxide Red White Black Black White Wood Green 
of copper. | taffeta. velvet. velvet. paper. wool. * | oil-cloth. 


4°37 5°50 4-75 4°62 4°25 4-75 4:37 4:50 
* * * * 


4:25 4:87 4:25 4-12 3°62 4:12 4:37 4:25 

2-12 2°62 2°25 2°50 2°37 2°25 2°62 2°50 
* * * * 

16:00 16-00 15°57 15°50 14°75 16:00 16:00 15°50 

9:87 10-00 9°75 9°25 8:00 9°87 9°87 9:25 

* * * * 


7:87 8°25 8-00 7:87 6°87 8-00 8-13 8-00 
* * * * 


ai oo 


_ the red glass it receded to 5°75, and to 4°25 when the direct 
_ deviation of 13° was produced by reflexion from black paper ; 
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or the needle receded the first time from 20° to 10°55. ithe 
second time from 20° to 8°, when the plate of calcareous spar 
was introduced between the reflecting surface and the thermal 
pile. 

On comparing these results with the former, it is evident that 
the differences which were found on the passage of the heat of. 
the flame of alcohol after reflexion by carmine and black paper 
through red glass and calcareous spar, were less than those which 


TaBLE XXXVII. 


Deflection after 


ances ee 

eee 5 : a ae 

agattee, 5 ee aaindion, Meal oenot Gypsum. | Carmine. 
13+ ||\Red olase' os. .30. 5c. .cacceens es 13° 3:25 3°25 3°25 
Md | Binelolasswie-... 2 deve oes dite 2°87 2°75 2°87 
Mf ANAL caps tue iota see. cdeecenssenll Sreeeee 2-00 2:00 2:00 
AGE >| ROGIBISANE 1 ctee-.ssondetecves- 20° 16-00 16:25 16-00 
3-7 | Caledreous spar ...............] senses 5-25 5:25 5°25 
Med Gy pstiip tects toscesteabess sacle betes. 6:00 6:00 6:00 


Hence, in this instance, the heat reflected by carmine and 
black paper was transmitted through red glass and calcareous 
spar in exactly the same manner; for when their direct action 
produced a deviation of 13°, they both deflected the needle of 
the galvanometer to 3°25 when the red glass was inserted, or, 
the direct deflection being 20°, to 5°°25-5°:05 when the plate 
of calcareous spar was introduced between the reflecting surface 
and the thermoscope. Nor were the rays, when reflected by 
other surfaces, more distinguishable by any one of the diatherma- 
nous substances, either from each other or from those unreflected. 

Thus with these sources of heat no differences could be de- 
tected after diffuse reflexion. 


TaBLe XXXVIII. 


Deflection after 


Thickness ; Deflection 
hay ay a vag ata hifi r E ae Gypsum. | Carmine. 
15 REGFpIASS Moeetes co ucent tera sess 16° 10°42 11°83 12:58 © 
eA. S\ Blue pl ges 2.2 -.<cchoscscasecec]  eieces 8:50 8-92 9°33 
ea 5) Riv AS Sc dace codecs | eS 6:08 7°67 8-42 
44 | Rock salt Wave. ..ceevrese- 30° 27-00 27-00 28-00 
Otsu GalcareOus Spar .e1-;ccasdeess-f weeose 18:00 | 22°25 24:00 
MSA MGSO) «2.00 a esas eae teases ane 14:25 19-00 20-00 


red-hot platinum exhibited after reflexion by the same bodies. 
The same was the case in the differences noticed with other 
diathermanous bodies, as also in those which were observed in 
the rays reflected by the other surfaces on transmission through 
red glass, blue glass, alum, rock salt, calcareous spar and gypsum. 

An examination of the heat of an iron cylinder heated to about 
212° F., reflected by the same bodies, yielded the results con- 
tained in the following table :— 


Taste XXXVII. 


the insertion when the heat of the hot metallic cylinder is reflected by 


KNOBLAUCH ON RADIANT HEAT. 407 


Peroxide Red White Black Black White Wood Green 
of copper. | taffeta. velvet. velvet. paper. wool. * | oil-cloth. 


3°25 3:25 3°50 3°25 3°25 3°25 3°25 3°25 
2°87 2°87 2°75 2:87 2°87 2°87 2°75 2°62 
2-00 2:00 2-25 2°25 2:12 2-00 2°25 2-00 
16-00 16-00 16-00 16:25 16-00 16°25 15°75 16:00 
5°25 5°25 5°25 5:25 5°50 5°50 5°50 5:25 
6°25 6:00 6°25 6:00 6°25 6:25 6°25 6:00 
Hence these experiments prove that the modifications which 
heat experiences on reflexion are very considerable in the case 
_ of the heat emanating from an Argand lamp; that with the 
heat of the red-hot platinum they diminish; with the heat of 
_ the flame of alcohol they are still less; and in the case of the 
_ heat emitted by a heated iron cylinder, of whatever tempera- 
ture it may be, between 79° and about 234° F.*, they absolutely 
vanish. . 
To render this still more distinct, I repeated the experiments 
; detailed also at greater deflections than those already given. 
_ The numbers which were found are arranged in the following 
b table : — 
-_ Taste XXXVIII. 


9 the insertion when the heat of the Argand lamp is reflected by 
1. 

, Peroxide Red White Black Black White Wood Green 
q of copper. | taffeta. velvet. velvet. paper. wool. ood. | oil-cloth. 


11-75 11°83 11°67 10-00 8°92 11-67 11:33 10°50 

8-92 8-58 8:42 8:00 7:33 8:42 8-42 8:58 
“675 7:75 8°50 7:00 5°83 8:50 7°25 6-92 
26°75 27-00 26°75 26:25 24°75 27:00 27:00 | 26:25 
21:75 21:50 23°50 19°50 16°50 22°75 21°25 19°50 
17-00 18-00 21°50 15°75 13°50 20°50 18:00 15°75 


* The limit, 320° F., given in the Monthly Report of the Berlin Academy 
for May 1845 is too high. When the temperature of the cylinder is above 234° 
F’. (thus at a temperature which is far too low to produce a visible red heat), 
differences do oceur in the transmission of the heat reflected by different bodies. 
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TaBLe XXXVIIT (continued). 


Deflection after 


Thickness ; Deflection 

aaa oon elec wiahen, pon eeeer Gypsum. | Carmine. 
MiNi gREO! PIARS ? r.2e0sKn% 0 os- ante = 20° 10-42 | 31:25 | 12:33 
PAE BUG BLASS! ccsecescavescecds cuss] la-emss 9°17 9°75 10:08 
Aigo teen | ANU ees tc 6 face leayinnse bene views see 8-08 8-17 8°75 
APA TWROUM SIU rctee se seeescsee esse 20° 18-13 18-00 18:50 
3:7 >'Calcareous Spat c.~.-...2..c000] ~<-sees 10°63 12-94 14°81 
RA ey GYPSUM Ccccsacnseescanerose-s0cl - conve 9°25 11-13 11°63 
Deflection after the insertion 

DG) i WREAUBIARBIN’ scutewcsceabreee=F ues 25° 9°87 9-87 11:62 
LIES 9) US GNC ECE eapataleenge eecpeeaee | UnAcaeos 9-00 9-00 9:87 
Age PATUIIN, sauseacceseseetaiscnmccts sth | eters 5:50 5°75 6-00 
AAD ROCK ALGE On ca nsanns e-ncteslnatee 25° 20:37 20°50 20°87 
ig, | Galeareous Spar’ <..ccs<tp-s-epel) <aeese 11°75 12°25 14:18 
RAM Gippatinan ett ts cen cones semebe sacle” anenee 9-50 11-13 11-63 
Deflection after the insertion 

U5) Red sglass) *\.vs.ccuepees ensue 25° 8:87 9:00 9:00 
1-4 | Blue glass’ ......c00...coeseeeee|  seeeee 8:12 8:12 8-00 
AP ALUM ceaes stace sink sane sac. Suselh asec 6:50 6:32 6:50 
AAY FROCK Silt)! tvesecou ee. sete se. 30° 22:50 22°50 22:25 
37 | Caleareous spar .........006...] .-+0s- 9°37 9-63 9°63 
Ameo GwpSilbits evescckoucvotecenareo] 1, stasce 10°50 10°25 10°38 


It is thus again shown, that the changes undergone by heat 
on diffuse reflexion are occasioned both by the nature of the 
sources of heat and the properties of the reflecting body. 

This is connected with the fact, that the rays of heat reflected 
by different substances, change, in a certain respect, their rela- 
tions to one another. 3 

Thus the heat of the Argand lamp, when reflected by carmine, 
is transmitted through gypsum less perfectly in comparison with 
that reflected by white velvet; the rays of red-hot platinum re- 
flected by these surfaces, however, permeate this plate in the 
same manner; and the heat of the flame of alcohol passes through 
it after reflexion by carmine comparatively better than when re- 
flected by white velvet. The same occurs, under similar circum- 
stances, with white lead and white wool. The rays of heat of 
the Argand lamp, when reflected by red taffeta and peroxide of 
copper, are transmitted by a plate of alum in a different propor- 
tion; whilst those of platinum at a red heat, when reflected by 
the same surfaces, are so in the same proportion. 

_ These examples are sufficient to illustrate the process in ques- 
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TaBLe XXXVIII (continued). 
the insertion when the heat of red-hot platinum is reflected by 
Peroxide Red White Black Black White Wood Green 
of copper. | taffeta. velvet. velvet. paper. wool. F oil-cloth, 
11:50 11-42 10°75 10°50 9:58 10-83 10°75 10°75 
9:83 9-83 9°50 9-00 8:33 9°33 9:17 9-08 
8-08 8°33 8:58 8:17 7:33 8°58 8:33 8:17 
18-00 18-06 18-00 17°50 16°63 18:00 18-00 17°38 
12°38 12-50 13°63 12°25 9°69 13°44 12°38 12°25 
10°56 10-69 11:56 10°38 8:56 11-13 10°63 10°31 
when the heat of an alcoholic flame in Berzelius’s lamp is reflected by the above bodies : 
11°37 11:00 9°50 9°87 8°75 9-50 9:75 10°12 
9°87 9°62 8°75 8°37 8:25 8°75 8°37 9:00 
5°62 6:25 5°50 5°62 5°12 5°50 6:00 6:12 
20°37 20°50 20°37 20°12 19°63 20-50 20-50 20°25 
13°75 13:€0 12°75 12:25 11-13 12°87 13-00 12:25 
11-12 11:00 10°50 10:00 9°25 10:50 10°88 9°87 
when the heat of the hot metallic cylinder is reflected by the same bodies: 
8°87 8°87 8°87 8°87 8°75 8°87 8°87 8:87 
8-12 8-00 8°12 8-00 8:00 8-12 8:00 8:00 
650 6°50 6°62 6-62 6:50 6°62 6:50 6-62 
22°50 22°37 22-37 22°50 22-62 22°37 22-62 22°37 
9°63 9-63 9°50 9°50 9:50 9:50 9-50 9-63 
10:50 10°38 10°38 10°50 10°38 10°38 10-50 10-50 


tion, which was observed in the same manner in other reflecting 
surfaces and diathermanous bodies. 

II. It still remained to be determined whether those surfaces 
which exert a similar influence upon the rays of the Argand 
lamp, 7. e. which they reflect in such a manner that the heat re- 
flected by the one is transmitted by the diathermanous media 
used for testing in the same proportion as that reflected by the 
others, would also reflect the heat from the other sources, so that 


ate 


__ the rays reflected by them would pass through these substances 
in the same manner. 
% To ascertain this, I repeated the experiments performed with 


__ the Argand lamp with the red-hot platinum, the flame of alcohol 

and the cylinder at a dark red heat, using for reflexion those 

surfaces the similar action of which upon the rays of heat of the 

_ former appeared to me especially remarkable. 

. The following table contains the numbers which were found 
on the transmission of the heat of the Argand lamp reflected by 

_ them through red glass, blue glass, alum, rock salt, calcareous 
spar and gypsum :— 


be When exposed to the rays of the red-hot platinum, none of the surfaces 
by reflexion were capable of producing a greater deflection than 20°. 
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TABLE XXXIX. 


Deflection Deflection after the 


Thick- Hie after the inser- 


nee in oe aed aineee es ah ae un- 
muli- inserted. . reflec F i 
metres. pis eiaa of the Argand Silver. pe wie pre eee 
1-5 |Red glass ......| 13° 8-43 8-43| 839} 879) 879 
eas Blue Pass ...<ss [heres 6°92 7:00} 7:03} 6:83) 6-79 
Mey SAL. sk iaet se 5°66 5°61 | 65:57 |) | 5229)/) 9 5-29 
4:4 |Rock salt ...... 25° 22°19 22°19 | 22:12] 22°81) 22°81 
3°7 | Calcareous spar | .....- 15°64 15°56 | 15°50] 19-75 | 19°62 
1-4 


GypsumMeseeces|| acess: 12°16 12:00 | 11-88} 16°69| 16-62 


It is thus seen that e.g. the rays of heat reflected by silver 
and sheet iron, which directly deflected the needle 13°, produce 
a deviation of 8°39 to 8°43 on transmission through the red 
glass, or of 15°50 to 15°°56 when transmitted by the plate of 
calcareous spar, the direct deflection amounting to 25°. The 
heat reflected by white oil-paint, as also that by black lac, pass 
through red glass or calcareous spar in the same proportion ; for 
in the former instance a recess of the needle from 13° to 8°37- 
8°62 occurs with both; in the second, from 25° to 20°'94-20°°88. 


TaBLe XL. 
Thick- Deflec- es teeter Deflection after the 
ness in ae Hon by, gn by ge un- 
illi- inserted. : ted ra: : : 
mees,| | Magne | ofradeot | Siver. | Son* | Sitne | Satin | neta 
15 |Red glass ...... 13° 7:00 7:00} 7:00} 8-50 8:50 
Pea sue CLASS oe. e etl ceo 6-00 6:00) 5:87] 7:00 7:00 
Mad Alem foie. 2.iede| sees 3°66 3°66| 366] 4:75 5:00 
4-4 | Rock salt ...... 20° 18:13 18:13} 18:30] 17:87 17:87 
3°7 | Calcareous spar | ...... 10°63 10°63 | 10:50] 12-50 12-50 
DA Gypsies css sors 9:25 9:00| 8:88] 10:50 10°37 


Neither do we here find any difference in the transmission of 
the heat reflected by the bodies which are compared; for the 
needle recedes from 13° to 7° on the insertion of the red glass; 
and on introducing the calcareous spar, from 20° to 10°°63-10°5, 
whether the heat of the red-hot platinum is unreflected or dif- 
fusely reflected by silver or sheet iron. The rays reflected by 
white oil-paint and black lac, which produced a direct deflection 
of 13°, caused the needle to deviate 8°°5 on transmission through 
red glass; and when the direct deflection was 20°, on transmis- 
sion through calcareous spar, produced a deviation of 12°°25 to 


0 ERLE, 
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TABLE XXXIX. 


insertion when the rays of the Argand lamp are reflected by 


. White x Brown F Red _ | Peroxide 

Black {| White | Black 1 Black { Yell : White | Red (i 
taffeta. | cloth. cloth ¥ oe +4 ieaQuz, RP: a wool. | wool. Pa | pede 
$3] 8:58) 8:50] 837 9:00| 883] 8:87] 894] 8-75| 85) 
6°88} 6-79| 6-63] 6-62 675| 6:58] 694] 694] 650] 6-50 


529] 6:04) 5-92] 6:25 725! 6:92] 7:06) 7:12] 5-50) 5:50 
23-00} 22-00) 22-00 22-88 22:31} 22-44] 23-00} 23-00] 22-50! 22-50 
20-00} 19-12] 19-06} 20-94 19-25 | 19-44] 20-56] 20-62} 17:50| 17-75 


15°88} 15°88} 17-88| 17-81] 14:00| 14-00 


16°81 | 16°88] 17-12 
* 


Also on inserting the other diathermanous bodies, no differences 
were observed. Neither can the rays of the Argand lamp, re- 
flected by white and black silk, light and black cloth, yellow 
leather and brown Spanish leather, white and red wool, and cin- 
nabar and peroxide of copper, be distinguished from each other 
by means of any one of the above substances. 

The values observed with the heat of the red-hot plutinum, on 
the repetition of these experiments, are arranged in the following 
table :— 


TasBLeE XL. 


insertion when the heat of the red-hot platinum is reflected by 


Red _ |Peroxide 
cinna- of 
bar. | copper. 


819} 825] 850) 850] 856] 8-56 8:25| 8-33 
6:75) 6:31} 681) 6:87] 7:38| 7-44] 650} 650} 654] 6-67 
j 5°69) 563] 4:81) 4:75] 6:00) 6-00] 4:50] 458} 3-75] 3-75 
17-87 | 17°37! 17-50) 17°62 | 17-75] 17-75 | 17-87) 16-87| 16-754 17-87] 17-75 
12:50] 11°50) 11°50} 12°37 | 12-25] 12-50) 12-25] 11:50] 11-50] 12-25| 12-25 
9°63 | 9°75] 10°25) 10°37] 10°50| 10-62} 9:87] 9-75} 10-25} 10-25 


White | Black | Wh | Brack 


paint. 


Yellow | PY°w" | white | Rea 
wool. wool. 


Spanish 


lac. |} leather. leather, 


cloth. | cloth. 


12°37. The same occurs with blue glass, alum, rock salt and 
gypsum. ‘The other surfaces arranged in the table, in the case 
of each and the same pair, also reflect the heat of the red-hot 
platinum in such a manner that it permeates the diathermanous 
bodies in the same proportion. 

Under the influence of the rays of the flame of alcohol, as 
shown by the following observations, this agreement also ob- 
tains :— 

* The numbers separated by the thicker lines are not comparable with each 
other, 


412 KNOBLAUCH ON RADIANT HEAT. 
Taspie XLI. 

Thick- pene after tie sae Deflection after the 

Pera Matton. | | Sel vented sae | 
metres. "Hon, | ofthe flame | Silver. | Tos | Satin, | satin. | tafeta 
1:5 | Red glass ...... 13° 4:87 4:87| 4:87] 7°87) 7:87] 7:87 
td” Blue glass «....:<:|\veae.ss 4-00 4:08} 4:20] 7:25) 7:25] 7:25 
4 | Alums see aees eli eee 2:50 2:50| 2:50] 5:50) 5:50] 5:50 
4-4 |Rock salt ...... 20° 15°50 15:50} 15-50] 15°25} 15-00] 15-00 
3°7 | Caleareous spar | ...... 8°63 8°38} 8-13] 9:63} 9:50} 9:50 
MAY Gypsum ks. se] ease: 7:00 7:25| 7:37] 7:37| 7:50] 7:50 


On this occasion the needle of the thermo-multiplier became 
placed at 4°87 on the insertion of the red glass, when the direct 
deflection of 13° was produced either by the unreflected heat of 
the flame or by that reflected by silver or sheet iron; and on 
inserting the calcareous spar at 8°63 to 8°13, the heat of the 
flame of alcohol being either unreflected or diffusely reflected by 
the two metals just mentioned to produce a deflection of 20°. 
After the reflexion from white oil-paint and black lac, in each 
case a recess of the needle of the galvanometer from 13° to 7°42 
was observed when the red glass, and from 20° to 9°°5 when the 
plate of calcareous spar was introduced between the reflecting 


Tasie XLII. 


Thiek- venee Rae miente Deleeien eee 

ness in epecea dire ae Hon by a un- 
illi- i ted. x reflected rays F 

eee a i ee of met Silver. pee? bee Black Aue 
1-5 | Red glass -...... 13° 3°25 3°25| 3°38] 3:25 3°25 
14 i) Blue class... -.<|) cee. 3°38 3'25| 325] 3:00 3°25 
AGA {PANU Poser scy ores]! ema 1:50 1:50} 162] 1:50 1:50 
4-4 | Rock salt ...... 30° 22-25 22°50 | 22-50] 22:50 22°50 
3°7 | Calcareous spar | .....- 10-00 9°75} 9°75) 10-00 10:00 
LGB ONTOS aioe eacesl | qanos 10:50 10:50 | 10:50] 10°50 10:50 


A deflection of 3°°25 to 3°°5 is now constantly obtained as 
often as the red glass is inserted, and of 9°°5 to 10° as often 
as the calcareous spar is introduced, the direct deflection of 
13°, and subsequently of 30°, being previously produced by 
either the unreflected heat of the cylinder, or by reflexion from 
any one of the surfaces under consideration. The same was 
found to be the case with the other diathermanous bodies. The 
bodies subjected to investigation, which exhibited the same de- 


7 
5 
: 
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TaBLeE XLI. 


insertion when the heat of the fume of alcohol is reflected by 


White 
oil- 
paint. 


White | Red Red Peroxide 


cinna- of 
. | wool. 
wool 4 bar. | copper. 


Black | White | Black 
taffeta. | cloth. | cloth. 


650| 650] 7:42 7:50) 7:25) 7:33] 487) 487 

7-25) 5°67) 5:67) 6°66 6:50] 6:42) 650) 4.25) 4:25 
5:50} 4:50) 4:58] 4:83 5°37} 5:83} 5°83] 225} 2-12 
15-25} 14-75) 14°75] 16:00 14-75} 15:00} 15-25] 16-12} 16:00 
9:38} 9:00} 9:00] 9:50 8:62] 9:37] 9:50] 9°87) 9-87 
750) 7:12) 7:25] 8:37 750] 7:50} 7:50] 7:87) 7:87 


surface and the instrument. The same uniformity was observed 

- in the thermoscopic indications with these surfaces, when the 
other diathermanous bodies were used. How perfect it is in the 
case of the other pairs of reflecting substances also, is evident 
from the above table. 

It was not to be expected that any differences would occur in 
the present instances, when exposed to the influence of the iron 
cylinder at a dark red heat, with which even the greatest differ- 
ences perceived in other sources of heat vanish (see p. 403-409). 
Observation has confirmed this :— 


: TaBLE XLII. 


insertion when the heat of the hot metallic cylinder is reflected by 


Brown = Red _ |Peroxide 
Breese Whit Red 5 
Taner | woot | wool. | SBN | 
? 3°50) 3:50] 3:50) 3°50] 3°50) 3:50] 3:50) 3:50) 3:25) 3:25 
f 3:00} 3:00] 3:25)° 3:25] 3:00) 3:25] 350) 3:25] 3:25] 3:25 
7 1-50} 1-50) 1-500 1-50) 1:75) 1-75) 1-507 1:62) 1-50 


22-75 | 22°25 | 22°50] 22-25 | 22-50} 22°50) 22:50] 22°25) 22-25} 22-75 | 22:50 
—__—-10-00 | 10-00 | 10-00] 10-00] 10007 9:75} 9:50} 9:50) 9:75} 10:00) 10-00 
4 10:25 | 10-00} 10-00] 10°50| 10:25] 10-25) 10-50] 10:50] 10:25 10°50 | 10:50 


_ portment when exposed to the rays of the Argand lamp, also 
reflected the rays of the other sources of heat in the same man- 
ner; for the rays of heat reflected by silver and sheet iron, white 
and black silk, light and black cloth, white oil-paint and black 
lac, yellow leather and brown Spanish leather, white and red 
wool, cinnabar and peroxide of copper, on transmission through 
all those bodies which have as yet been used, are always found, 
in the cases mentioned, to act the same. 
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Although the tables given at p. 403-409, which exhibit the 
variations in the heat reflected when different sources of heat 
are used, are arithmetical means of four repetitions of the 
experiments, the latter (p. 410-413) are derived from two series 
of observations only, which appeared to be sufficient, because 
the object was merely to make an accurate comparison of 
each pair of surfaces; and, moreover, there is less cause for 
mistrust in cases of similarity than where differences are con- 
cerned. 


In the following table, those bodies which diffusely reflect the 
rays of heat in such a manner that when transmitted through 
red glass, blue glass, alum, rock salt, calcareous spar and gyp- 
sum, they are undistinguishable from one another, are arranged 
in vertical series. In those under 1. only are no differences per- 
ceptible after reflexion in this manner on comparison with the 
unreflected heat :— 


TasBLeE XLIII. 


a: 2. 3. 4, 5. 
Gold. Gypsuin. Birch-wood. White satin. Blue velvet. 
Silver. Chalk. Cork. Black satin. Black velvet. 
Platinum. White lead. Mahogany. White taffeta. 

Quicksilver. White oil-paint.| Yellow marble. | Black taffeta. 
Tron. Porcelain. 
Tin. Linen. 
Zine. » White paper. 
Copper. Blue paper. 
Lead. White cotton- 
Alloyofleadand| wool. 

tin. Grey cotton. 
Brass. Paris green. 
German silver. | Green cinnabar. 
Sheet iron. Chrome-yellow. 

Black lac. 

6. 7. 8. sh 10. 
Yellow leather. | Light cloth. Blue woollen } White wool. Cinnabar. 
Brown Spanish | Black cloth. tapestry. Red wool. Peroxide of 

leather. Green woollen copper. 
| tapestry. 


Those of the following substances, which are arranged in one 
and the same column, exhibit very similar, although not identical 
deportment in this respect :— 
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aT: 12: 13. 14. 
Carmine. White velvet. White lead. Black velvet. 
Madder-red. White wool. Diesbach blue. Green oil-cloth. 
Red woollen ta- | Green woollen ta- ‘ 
pestry. pestry. 
15. 16. LZ 
Black paper. Fossil coal. Lamp-black. 
Black glass. Coke. Animal charcoal. 
Graphite. 


The following bodies cannot be referred to either of these 


groups as regards the reflexion of heat :— 


. 


TaBLe XLIV. 


Ultramarine. Peroxide of tin. Tannate of iron. | Indian ink. 
Pale red velvet. | Green velvet. Black Spanish lea-| Brown velveteen. 
ther. 
Red taffeta. Green taffeta. Dark red velvet. 
Mother-of-pearl. | Ivory. Black wood-char- 
coal. 
Brown coal. 


3. It was an important question, How the alterations in heat 
by reflexion, proved in the above manner to occur, could be ex- 
plained. 

In regard to this point, two cases might occur. They either 
consisted in a change of the rays of heat, which rendered them 
more capable of permeating one or the other diathermanous sub- 
stance, or they were the consequence of a selective absorption of 
the reflecting surfaces for certain rays of heat transmitted to 
them, as appeared the most probable view from the experiments 
of Baden Powell and Melloni. 

In the first case, the differences in the reflected heat should 
not occur until it was transmitted through the diathermanous 
media; in the second, it must be recognizable in it, even before 
its entrance, from the intensity with which the different rays of 


heat would be reflected by the different surfaces, because the 


intensity of the reflected heat is the reciprocal expression of the 
absorption of heat (see p. 384). 

Experiment decided this point as follows:—We have learned 
that ¢. y. the heat reflected by carmine is transmitted compara- 
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tively better through red glass and calcareous spar than that by 
cinnabar (p. 390 and 391). Therefore if this arose from the car- 
mine absorbing a larger portion of the rays, which do not pass 
freely through these bodies, than cinnabar, it must, on compari- 
son with the latter, reflect the heat of any source less freely the 
more it emitted to it these rays which are badly transmitted by 
red glass and calcareous spar. It is moreover known that the 
heat emitted by the cylinder at a dark red heat permeates red 
glass and calcareous spar less freely than that of an Argand 
lamp (p. 402 and 403). Hence carmine, in comparison with cin- 
nabar, should reflect the heat of the cylinder proportionately less 
freely than that of the Argand lamp, if this alteration in the heat 
after reflexion were really produced by selective absorption. Ex- 
periment has confirmed this; for when the heat of the Argand lamp 
was reflected by cinnabar, the surface being in a certain position, a 
deviation of 29°75 in the needle of the multiplier was obtained ; 
whilst the reflexion by carmine, when the reflecting surface was 
of the same size and in the same position as regards the thermal 
pile and the source of heat, produced a deflection of 18°°5. How- 
ever, when the heat of the metallic cylinder, reflected by cinna- 
bar, had produced a similar deflection of 29°°75, when reflected 
by carmine, under the same circumstances, it deflected the needle 
only 14°37. Thus the intensity of the heat reflected by carmine 
was really diminished in the manner expected. 

The same was found in the other cases. We know that the 
heat reflected by white paper is transmitted in a much greater 
degree by red glass and calcareous spar than that reflected by 
black paper (see p. 392-394). If this were a consequence of 
selective absorption, white paper also, in accordance with the 
above consideration, should reflect the heat of the cylinder at a 
dark red heat, which transmits principally those rays which are 
but slightly susceptible of transmission, through red glass and 
calcareous spar comparatively less freely in comparison with 
black paper than that of the Argand lamp. 

However, with black paper the contrary ought to occur. In 
comparison with white paper, it should reflect the heat of the 
Argand lamp less perfectly than that of the cylinder. This was 
found to be the case. The heat of the Argand lamp, reflected by 
white paper, caused the needle of the galvanometer to deviate to 
21°25, whilst that reflected by black paper, under the same cir- 
cumstances, deflected it to 18°; but the heat of the metallic 
cylinder, which, when reflected by white paper, caused a devia- 
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tion of 24°25, when reflected by black paper produced a deflec- 
tion of 34°°5. Hence the proportion was really inverse. 

When the rays of heat reflected by two surfaces could not be 
distinguished from each other, as e.g. those reflected by white 
and black satin, which passed through the diathermanous media 
used in the same manner (see p. 391 to 392, 410 to 413), if this 
depended upon both absorbing the rays of heat sent to them 
in the same proportion, the relation of the intensities with which 
they reflect the heat should remain unchanged under the influence 
of radiation from any source. 

This was also shown by experiment to occur most distinctly. 
Thus the heat of the Argand lamp, when reflected by white satin, 
produced a deflection of 31°; after reflexion from black satin, 
of 27°5; and that of the cylinder at a dark red heat, in the 
former case a deviation of 27°-25, in the latter of 23°°5. Hence 
white satin reflected each kind of radiant heat better in the same 
degree than black satin. 

Yellow leather and brown Spanish leather, which also reflected 
heat in such a manner that it was transmitted by diathermanous 
bodies in the same proportion (see p. 395, 411 to 413), reflected 
both the heat of the Argand lamp and that of the heated cylinder 
with the same intensity. Under the influence of the rays of the 
former, a deflection of 28°37 to 28°5 was obtained in the case 
of each of these surfaces, and a deviation of 18°75 with the rays 
of the metallic cylinder. 

To ensure still greater certainty in these experiments, in ad- 
dition to the heat of the Argand lamp and of the metallic cylin- 
der, I caused also that of red-hot platinum and the flame of 
alcohol to be reflected from all those of the surfaces which have 
been previously mentioned, which I had of the same size (8 
centim. square). 

The experiment consisted simply in exposing these surfaces 
with their normal at an inclination of 32° to that of the longitu- 
dinal axis of the thermoscope, and their centre at a distance of 
7 inches from the latter and 4°5 from the source of heat, seriatim 
to the above four sources of heat, and observing the deflections 
which the heat reflected by them produced in the thermo-mul- 
tiplier. The numbers obtained in this manner (each the arith- 
metical mean of two observations)* are contained in the following 
tables :— 

* Accurate to within 15. 
VOL. V. PART X1X. 2F 
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TasBLe XLV. 
8 Deflection by 
Sources of heat, 
Sa Kel White lead. | Carmine. | Madder-red. 
AYgand laMp .cerisasesneessstoovseceees 23°37 18:50 19:00 
* 
Red-hot platinum ............s0eseeee 14:00 10-12 10°37 
Flame of alcohol :...........s0see+.s+00 20:00 14:25 14:50 
Metallic cylinder at a dark red heat 21°87 14:37 16:00 
* 
TagLe XLVI. 
fig FS Deflection by 
Sources of heat. Pay aie . 
Cc it Whit 
p- goo and 398. aie ene taffeta, Red taffeta. 
Argand lamp ..e.cccssssesessseseeteees 31:00 | 27:50 | 27:50 | 27-00 
Red-hot platinum  ........0....eeseeee 14:25 13:25 13:00 11:37 
HWame oftalcotiol,. 25.4.4. .<p20d4s.s40> 19:87 17:37 16°24 15:25 
Metallic cylinder at a dark red heat | 27:25 23:50 | 22-00 19:75 
‘Taste XLVII. 
Ill. Deflection by 
Sources of heat, : Red Giten 
Cc White Blue Black 
p-394 and 395. paper. | paper. | paper. | 2rciry. | tapestry. 
Avgand lamp Wressc..versveesaboon vove 21:25 | 19:13 | 18:00 | 20:50 | 19:50 
* * 
Red-hot platinum  ..........ccceseeeeee 11:75 | 11-18 | 12-87 8-12 737 
* * 
Flamelot AleoHol. ..4..ich.se0.csssssecess 14:50 | 13°63 | 18:12 | 1025 | 10-62 
* * 
Metallic cylinder at a dark red heat | 24:25 | 22-25 | 34:50} 11-25 | 12-12 
* * 
TasLe XLVIIL. 
IV. Deflection by 
= =F Sources of heat. ame reals ae ae 
eroxide 
p. 304 and 395. Gypsum Teed) of tin. aac: 
Argan lamp! . 2. Act hacscacstee saewes 25:50 | 26°50 | 24:25 24:50 
* 
Red-hot platinum .......00...seeseeee 12:12 13-00 12°87 11:25 
* 
Flame of alcohol ..:.......00.esseesseee 14:50 15°75 17°50 14-00 
* 
Metallic cylinder ata dark red heat | 29°25 30°75 39:50 27:87 
* 
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TaBLe XLV. 
direct radiation when the heat is reflected by - 
Red cinnabar.| Paris green. ee yee a Ultramarine. 
29°75 20°50 21°75 22°50 16:50 22°50 
* 
17°50 11:50 13°12 13°12 9-62 13:12 
26°75 16°62 18°25 19-12 15°37 19-12 
29°75 16°87 20°12 18°75 15°37 18°75 
* 


Tasie XLVI. 


diréct radiation when the heat is reflected by 


Green Black White | Dark red | Lightred| Green Blue Black 
taffeta. taffeta. velvet. velvet. velvet. velvet. velvet. velvet. 


—_—O_—— |S ee | | ___l_ 


2550 | 25-00 | 19:87 | 19-75 | 1950 | 19-25 | 1925 | 21-50 

* * 
1150 | 1125 | 850 | 950] 9501 9501 850 | 10:50 
15°37 | 1437 | 1050 | 1212 | 11:37 | 11-75 | 12 | 1450 


19°75 19-00 15°87 17°87 17-00 17°87 16-25 21-50 
= * * 


TaB.Le XLVII. 


direct radiation when the heat is reflected by 


Blue 


= . Brown Black 
White Red Light Black Yellow : ren 
woollen & Spanish | Spanish 
tapestry. wool, wool, cloth. cloth. leather. leather! \hleathess 


28:37, ~ 28:50 30:25 
10°87 10:87 13-25 
13:75 13-75 15°87 
18-75 18:75 | 22:37 


19:50 | 23-62 | 22-75 | 0475 | 23-75 
775 | 1000 | 900 | 10-74 | 1087 
1037 | 1275 | 1200 | 13:37 | 12-87 
1200 | 13-75 | 1275 | 1637 | 1549 


Tasie XLVIII. 


direct radiation when the heat is reflected by 


White White White White |White cot-| White . 
satin, taffeta. velvet. paper. ton. wool, Ivory. Silver, 


28:00 | 24-75 17°12 = 21:50 19-00 ips 63-25 
12:50 1150 787 we hi 10°37 8:37 O75 50:75 
15°12 13°75 9-25 13:62 18°25 11-37 1a 0 50:00 
29°25 27°75 18°75 26.50 22°75 21-00 aneo 72:50 


QR2 
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TaBLe XLIX. 
Vv. Deflection by 
Compare 
p-396 and 397. 
Sources of heat. 
Vil. Peroxide/Tannate| asyhalt| Black | Black | Black 
of of lac. satin, | taffeta. | velvet. > 
copper.| iron, F i 7 
Compare 
p- 396. 
PAT PANG LAMP 6 os scsucevssteceree ss sys cai 25:50 | 19°75 | 21:25 | 25:00] 22-75 | 21:00 
Red-hot platinum ...cccresseceesseseee 13:12} 9:37 | 11:75 | 12°87| 10:25) 10-25 
Flame of alcohol ..........00...0006 ee..| 15°25] 11:50] 14:37] 16°50} 13:00] 13-87 


Metallic cylinder at a dark red heat | 27:50] 18-00| 21:75 | 26:00] 21-75 | 24-75 


TaBLe L. 
VII. Deflection by 

Compare 

p- 398 and 399. 
Sources of heat. 

Vill. Birch-wood.| Cork, | Mahogany.] Gold. 
P. 398and399. 
NrpainALlATipicskeaceso cere seesctastecs se 31-00 33-62 28:50 64-00 
Red-hot platinum ..0...:c....s0.00000 12:62 14-25 12°12 52-00 
Flame of alcohol 


eosu dae ooewccipseusiona 15°62 18:62 13°62 51-00 
Metallic cylinder at a dark red heat | 21:12. 25°62 19:56 72°75 


TaBLeE LI. 
Compare Deflection by 
p.402 and 403. 
Sr Cates es! Sources of heat. 2 DfT Peroxide SE 
P,410and411. 2 sum. | mine. copper. taffeta. | velvet. 
Argand lamp ciccecececsrvccsererereceee 22:50| 20-00} 22-50) 23°75) 16-50 
* 
Red-hot platinum ..,......cessssesesee 16:°50| 14:50| 16°50} 14:37] 10-75 
* 
Elame-of Alcohol |, ..<0nce-s.-csqpetne sen 12:37 | 11:25} 14:37| 13°75 | 10-00 
* 


Metallic cylinder at dark redness ...| 27-25 | 17°62) 27:50) 21:50] 15°75 
* 


+ Thus, among all the bodies subjected to examination, lamp-black and animal 
charcoal (Table XL1X.) reflect every kind of radiant heat in the least degree ; 
and, excepting these, coke, graphite and coal only exhibit a comparatively 
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TaBLeE XLIX. 


direct radiation when the heat is reflected by 


Black | Black ‘Span Black | Sheet | work, [Brown| ndian\ I: os G 
t t - amp- Ta- 
per cloth. Sg ane aie rane OnE ink." black char- | Coal. | Coke. phite. 
ea- ‘al co! 
2 ther, bint 
21-00) 22-00 26-00! 18-75 30:00} 19-00) 19°50} 6:00) 2-80} 1:90) 7-80) 5:10) 7-05 
* * * * * * 
13°37] 10°37] 14:00] 11°75] 18-75] 10:00} 9-50) 4°00) 1:50) 1°75) 2:50) 2°75) 2°25 
* * * * cd * 
18-12} 12-87] 16-75) 14-25] 27-50] 12°50) 10-50] 4:50) 2-00 i 4:25) 3:00) 4:00 
* * * * * 
33°50) 21:75] 28-25] 29-25] 47-75] 16-50) 13-00] 10°50) 3°50) 3:50} 7:50) 6-00) 7-00 
* * * * * * 
Taste L. 
direct radiation when the heat is reflected by 
. G B Whit G Black 
Silver. Eada. aa Wer 4 qehveicen . eaten: oil-eloth. ares 
63°25 42-50 55:00 21:00 25°75 21:00 22-87 
50°75 32-00 43°25 8:50 11-12 11-00 10-12 
50-00 31-50 42-50 11-25 15°00 14:00 14:50 
72°50 59-00 67:25 13:12 15:00 16:00 17:00 
TABLE LI. 


direct radiation when the heat is reflected by 


Blak | ack a 
"19-00| 18-50| 1812| 25-12| 16-75 | 29:50 | 22-50 
12.87] 16-50 21:37 | 16-50 
13-37 | 13-87 29-12] 14:37 
2250| 30° 


37°00 | 27:50 © 
fF 


feeble diffusion, which is also apparently independent of the nature of the source 
of heat; consequently these only can be considered “‘ black bodies” as regards 
luminiferous and calorific rays. 


a ee) re 


When these results are compared with those which were ob- 
tained on the transmission of the heat diffusely reflected by the 
‘above bodies through diathermanons substances, it appears— 

1. That a surface which reflects heat in such a manner that it 
is transmitted by red glass, blue glass, alum, rock salt, calca- 
reous spar and gypsum in a greater degree than that reflected 
by any other, in comparison with the latter, reflects the heat of 
the Argand lamp best, that of red-hot platinum next, that of the 
flame of alcohol in a less degree, and that of the heated cylinder 
least of all; which also involves the reverse proposition, thata  - 
reflecting surface, which in comparison with any other diminishes 
the transmission of the heat by the above bodies, reflects the rays 
of the Argand lamp in comparatively the least degree, that of 
red-hot platinum better, that of the flame of alcohol with still 
greater intensity, and that of the dark cylinder comparatively 
best *. 

(Compare white and black velvet, p. 393 and 419; black 
wood-charcoal and brown coal, p. 397 and 421; carmine and 
black paper, p. 404 and 405, and p. 420 and 421.) 

2. That a substance by which heat is so reflected that it is 
transmitted by some diathermanous media better or in the same 
manner, by others less freely than that reflected by any other 
surface, in comparison with the latter, sometimes reflects the 
rays of the one, and sometimes of the other source of heat com- 
paratively the best. 

(Compare red and green taffeta, pp. 392, 418 and 419; asphalt- 
lac and black taffeta, p. 396 and 420; gypsum and peroxide of 
copper, pp. 402, 403 and 420.) 

3. But that two surfaces which reflect the heat so that it per- 
meates the diathermanous plates in the same manner, also con- 
stantly reflect the rays of the different sources of heat with the 
same relation to the intensities as has been found in either of them. 

(Compare white and black satin, p. 392 and 418; yellow 
leather and brown Spanish leather, p. 395 and 4193 silver and 
sheet iron, p. 410 and 421.) 

Now when we recollect that through red glass, blue glass, 
alum, rock salt, calcareous spar and gypsum the heat of the Ar- 
gand lamp passes best, that of red-hot platinum less freely, that 
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* The rays of the above four sources of heat, reflected by one and the same 
surface, could not be directly compared, because it was impossible to give the 
same direct intensity to the rays emitted by them in the position above described. 
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of the flame of alcohol in a still less degree, and that of the dark 
cylinder worst, we find, with regard to the above considerations 
(p. 416 and 417), that all these phenomena confirm the position, 
That the changes experienced by heat on diffuse reflexion are 
merely the result of a selective absorption of the reflecting sur- 
faces for certain rays of heat transmitted to them*. 

The great uniformity existing in the results which have been 
detailed will certainly contribute to establish the view which I 
endeavoured to found at the commencement, viz. that these re- 
sults really depend upon diffusely reflected heat, uninterfered 
with in any perceptible manner by foreign influences. (Compare 
p. 385-387.) 

In the last investigation, the complementary selective absorp- 
tion was determined to exist from the unequal intensity of the 
reflexion of the heat. That it might have been equally well 
proved by the surfaces exposed to the sources of heat becoming 
heated, is evident from the observations on carmine and black 
paper, the former of which, as shown by a previous experiment 
(p. 206), becomes less heated when exposed to the rays of the 
Argand lamp than those of the dark cylinder, and the latter less 
by the heat of the cylinder than the rays of the flame; whilst 
the later experiments (p. 420 and 421) show that carmine reflected 
the heat of the flame with greater intensity than that of the 
cylinder, whilst black paper reflected the rays of the latter in a 
greater degree than those of the lamp. 

The reason why in this case the experiments by means of 
reflexion were preferred to those by absorption of heat, was, that 
they were not only more quickly performed, but, as seen on 
comparison of the indications, p. 206, and pp. 420 421, afforded 
a more delicate test-method than the latter. 

It might be concluded, even from the phenomena of absorp- 
tion (p. 206 and 207), that the diffusion of heat is independent of 
the temperature of its source. ‘The direct investigation of the 
latter has confirmed this, and thus removed all doubt on the point. 

* From what has been stated, it is clear that we can judge of the degree in 
which a body absorbs certain rays of heat, from the deportment of the heat dif 
fusely reflected by it under certain circumstances. It is well known (Fusinieri, 
Annali delle Scienze del regno Lombardo-Veneto, 1838, Gen. et Febr., p. 38; 
and Melloni, Comptes Rendus, t. vi. p. 801) that snow exposed to the rays of 
the sun melts more rapidly on trees and bushes than on a uniform surface. 

If any philosopher should compare those rays of the sun reflected by snow 


with the direct rays, he would find the former transmitted comparatively better 
by red glass, blue glass, alum, calcareous spar and gypsum than those unreflected. 


%) ee 


It has moreover shown most convincingly, that, excepting char- 
coal and metals, it cannot be said that any body reflects heat 
better or worse than any other, because this relation varies with 
each kind of radiation. 

The differences in diffusely reflected heat which have been 
alluded to are perfectly analogous to those which are observed 
in the diffusely reflected luminiferous rays; but Herschel and 
Melloni have already pointed out that the reflexion of these lumi- 
niferous rays is not analogous to that of the calorific rays. 

The investigations which have been detailed have shown this 
still more distinctly, by proving that certain bodies, which ap- 
pear of the same colour to the eye, reflect different kinds of heat ; 
and such as are apparently of different colours, so far as experi- 
ment has yet shown, reflect similar rays of heat. (See especially 
Table XLIII.) 

It scarcely requires to be mentioned, that this result is not deci- 
sive of the identity of luminiferous and calorific rays; for since 
it has been determined that every luminiferous source of heat 
emits a large number of invisible rays which are susceptible of re- 
flexion and affect the thermal pile*, the most rigid analogy, 7. e. 
the assumption that every ray which, after penetrating the optic 
media, excites the retina of our eye to produce vision, in propor- 
tion to its strength acts upon a thermoscope coated with lamp- 
black, would not lead us to expect any agreement in the diffuse 
reflexion of the luminiferous and calorific rays ; for this would be 
to suppose that we were experimenting with a source which emit- 
ted only one kind of luminiferous and one kind of calorific rays. 

I shall allude to one more point only in relation to this question. 

The different colours under which diffusely-reflecting surfaces 
appear to our eyes, have usually been explained by the assump- 
tion}, that certain colours only are reflected by them, the others 
being absorbed. Since the differences which heat exhibits after 
reflexion by any body have been shown experimentally to be the 
consequence of a similar selective absorption (see p. 415-422), 
the above assumption acquires the highest degree of probability, 
considering the great analogy which the luminiferous and calorific 
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* Compare p. 232, where it has been shown that certain rays of heat from 
the Argand Jamp pass through black glass and black lac, which are therefore 
emitted znvistbly from the flame. 

+ The correctness of which, from there being no accurate photometer, cannot 
be proved with certainty. ; 
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rays present in so many respects, and especially in their deport- 
ment after diffuse reflexion itself. 

Melloni* has expressed the view, that yellow rays appear the 
most intense to us because the retina of the eye is yellow. Now 
if this yellowness, supposing that it does occur in a living, healthy 
eye, which is denied by most German physiologists, does not 
arise from a peculiar excitation of the retina, by means of which 
it emits yellow rays, but, in correspondence with the previous con- 
sideration, merely in consequence of its reflecting them, should 
it even then be assumed that our retina receives a special ener- 
getic impression from yellow rays? Certainly not; for the 
experiments on the absorption of heat have taught us that a 
body is least affected by those rays which its surface reflects. 
(See particularly p. 421.) 


VI. On the Sources of Heat. 


In the previous section it was shown that rays of heat under- 
going diffuse reflexion by different bodies do not experience any 
peculiar change, but merely selective absorption, by means of 
which certain rays are checked, others reflected unchanged. (See 
p- 415-422.) 

Hence it follows, that when e. g. the rays of an Argand lamp 
reflected by carmine exhibit a different deportment (on trans- 
mission through diathermanous substances) to those reflected by 
black paper (see p.402-404, and 406, 407), this can only arise from 
these sources of heat containing different rays, some of which 
are reflectible by carmine, others by black paper. The greater 

the differences are which occur after reflexion by various bodies, 
_-so much the more heterogeneous must the number of rays be 
which are emitted by the original source of heat. 

Now if we find that the differences which the heat of the red- 
hot platinum exhibits after reflexion from a certain number of 
different bodies (on transmission through diathermanous media) 
are all less than the heat of the Argand lamp reflected by the 
same surfaces examined in the same way evinces (see p. 403-405), 
we must conclude that the red-hot platinum emits rays of heat 
which are less heterogeneous than the latter. 

Moreover, if we remark that the differences in the rays of 
heat of the flame of alcohol, when reflected by various bodies (as 
they appear on using the same diathermanous bodies), are all 


* E. Seebeck also adopts this view. 
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less than those observed with red-hot platinum (see p. 404 and 
405), it is evident that a still less number of different rays of heat 
emanate from the flame of alcohol than from heated platinum. 
Lastly, when we see how the heat of the cylinder heated to 212° F. 
fails to exhibit the slightest differences from whatever surface it 
may be reflected (see p. 406-409), which in the instances pre- 
viously considered produced very considerable alterations, we 
must admit that the metallic cylinder at the above temperature 
emits a single kind of radiant heat only. 

Thus if the sources of heat used in the previous investigation 
be compared in respect to this point, the variety of the rays of 
heat emitted is greatest with the Argand lamp, less with red-hot 
platinum, still less when the flame of alcohol is used, and has en- 
tirely disappeared with the cylinder heated to 212° F. 

There is a means of testing this in a different manner. 

Thus if a number of heterogeneous rays of heat, as e.g. are 
emitted by an Argand or a Locatelli’s lamp, be made incident 
upon different diathermanous bodies, different kinds of rays pass 
through them according to the nature of the substances. 'There- 
fore these, according as they appear in the one or the other of 
them, permeate a second diathermanous plate in a different 
manner. 

The differences thus found will evidently be so much greater 
the more varied the‘original source of heat is. But if only one 
kind of rays of heat were allowed to enter these substances, so 
that only one could pass through them, on a second transmission 
they would not yield any differences from whatever diatherma- 
nous bodies the heat issued. 

Now if it is found that the heat radiating from a cylinder 
heated below 234° F. constantly permeates red glass, blue glass, 
alum, rock salt, calcareous spar and gypsum in the same manner 
whether it issues immediately from the source of heat, or whether 
it has previously passed through ivory, post paper, a thin layer of | 
carmine, lac, black glass, white glass, or any other diathermanous 
substance (see Table X VIII.), this is a new proof that one kind 
of rays of heat only is emitted by the cylinder*. 


* As in the previous experiments the heat diffusely reflected by various 
bodies exhibited differences when the temperature exceeded 234° F. (see the 
note, p. 407), in this instance also, on surpassing this limit, differences were 
apparent. 

For whilst the heat emitted below 234° F., on inserting the red glass, con- 


KNOBLAUCH ON RADIANT HEAT. 427 


If the result previously obtained (p. 233 and 234), which showed 
that the heat radiated from the most different solid bodies be- 
tween 88° and 234° F. is homogeneous, be simultaneously borne in 
mind, it is evident that within these temperatures the rays of heat 
emitted by them all—to make use of an expression which reminds 
us of Melloni’s terminology—are of one and the same “ colour.” 

We have thus advanced to a certain limit, at which every 
variation of the rays of heat vanishes, a limit which is not at- 
tained until long after the differences in the luminous rays have 
become invisible. 

It appeared to me of interest to ascertain, How the heteroge- 
neity in the rays of heat emitted by one and the same body is 
affected by its temperature. 

In investigating this, I had the two means just described at 
my command, i. e. the heat of the heated body, in those stages in 
which I wished to ascertain its compound nature, might either be 
reflected diffusely by different surfaces, or be transmitted through 
different bodies, before passing through certain diathermanous 
substances. In both cases, as we have seen, differences occur, 
which appear to be greater and more varied the more different 
the kinds of rays are which emanate from the source of heat. 

I preferred the first process, because it was possible to pre- 
vent, by means of cold water, the disturbing influence resulting 
from the reflecting surfaces themselves becoming heated (see 
p- 385-387) ; whilst in the second case the body first radiated 
through could not be prevented from becoming heated, and its 
influence upon the experiment could only be eliminated at the 
expense of the intensity of the effects. 

As in the former experiments (p. 201 and 202), to decide the 
present question, I also heated a spiral of platinum over the chim- 
ney of a Berzelius’s lamp, first at a temperature below 234° F., 
then at a red, yellow and white heat. 

The heat of platinum below 234° F., in correspondence with 


stantly caused a recess of the needle from 35° to 10°°1, when immediately 
transmitted to the thermal pile from the metallic cylinder, or after having per- 
meated post paper or white glass (‘Table XVIII.) ; at a certain higher tempe- 
rature, after the same direct deflection of 35°, on inserting the red glass it pro- 
duced a deflection of 10°-75 when emanating immediately from the cylinder, 
of 11°75 after having permeated the paper, and of 14°°75 when it had passed 
through the white glass. 

The same occurred with the other diathermanous bodies. It might be ima- 
gined that this variation in the heat emitted at higher temperatures was de- 
pendent upon the alteration of the capacity for heat with the increase of tem- 
perature. - 
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the experiments on the heated cylinder, always passes through 
the diathermanous substances used for testing it, whether unre- 
flected or diffusely reflected by the most dissimilar bodies. Thus 
in all these cases, on inserting the red glass a deflection of 
8°08 to 8°-25 was obtained; on inserting the calcareous spar, of - 


TaBLeE LII. 

: A Deflection 

Thickness Deflection 

in milli- Substances inserted. afk direct idea 

metres. tion. t 
ones ene) cuiketicbelt Gypeata, 
NED Sap RCC PIDSS' Sercanosedyentasceascspccoees ties 20° 8-08 8-08 
IEA PPINBEUE?CIASS asetectuds cenpesorettasarresesce|t > Vets te 7°58 775 
SANT PAU bacnzanecanapsstseee contavost cc she renee| lakes 7:08 7:00 
A ROCK RAIL oncaosscdscesaatcesyshcomancesuss 20° 14:08 14-08 
wig” P| WAIGATEGUS SEL vecevereetsecoestvevescaces|| | Goede 5:25 5:42 
LSS AR Gai cS) ee ie a eer ee BRsACR PACA SE ECO SeCEREE | Meer escA 7°25 7:08 


When the heat of red-hot platinum is reflected by the same 
bodies, as we know, very distinct differences occur on trans- 
mission, Thus e. g. the unreflected heat on transmission through 
red glass produces a deflection of 10°°42; that reflected by black 
paper, of 9°58; that reflected by carmine, of 12°33; and that 
portion of the ninrellected heat which is transmitted by calcareous 


TaBueE LIII. 


Deflection 
Thickness Deflection 
in milli- Substances inserted. bye direct ie 
etal or 

metres. radiation. Rees a m Gypsum. 
DPD MIRED PIARS cicesnscebovsapsssovcdenctere pac 20° 10°42 11:25 
Wed) | Blues plans’ ~. kecccpeccthegssccdecesvuedexet]!  Meeses 9:17 9°75 
HUA AGATUI ddan ekacacstoskienerstacestccstmersaisep. Seeekee 8:08 8-17 
AA | | ROCK BALL ceccsccopecersescestdsscoreseoene 20° 16-92 16°83 
37 || Calcareous Spar .....sccesecsscostvensceess| vesces 8:67 10-25 
WA, FG pst 5 <b co <escenatenstaces sesdese vessel). tevceas 7:58 8°75 


After these results there can be no doubt that the heat emitted 
by red-hot platinum is more heterogeneous than that evolved by 
this metal at a dark heat. 

When the heat of platinum at a yellow heat is diffusely re- 
flected by the above surfaces, these differences become still 
greater. Thus, whilst the unreflected heat which permeates the 
red glass deflects the needle 8°83, that reflected by black paper — 
causes it to deviate 7°42; that emitted by carmine, to 10°58; — 
and the unreflected heat, ‘wliba transmitted by calcareous spar, @ 


| 
j 


a 
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5°17 to 5°42, when the direct radiation upon the pile had de- 
flected the needle 20°. 

The following table contains the values, each the arithmetic 
mean of three experiments, observed in the diathermanous bodies 
mentioned, as also in others :— 


TaBLeE LII. 
after the insertion when the heat of platinum below 234° F. is reflected by 
. Peroxide Red Black Black White 2 Green 
Comune. of copper. | taffeta. velvet. paper. wool. Wood. oil-cloth. 


8-08 8°25 8-08 8:17 8:17 8:17 8-08 8-08 
7:58 7-42 7:58 7:58 758 767 7-67 758 
7:00 7:08 700 fe G17 7-08 717 717 717 
14:00 13°92 14-08 14:08 14:17 14-08 13-92 13-92 
5°17 5°33 5°25 5°25 5:33 5-42 5-42 5-42 
7-08 7-42 7:25 7:25 7-25 7:33 7:33 7:33 
spar causes the needle to deviate 8°67; that portion reflected 
by black paper, 7°83; and that reflected by carmine, 11°42, the 
deflection by direct radiation as before amounting to 20°. 
The following table contains the observations which were 
instituted on this point, in addition to those already mentioned 


(each the arithmetic mean of three experiments) :-— 


Taste LIII. 
after the insertion when the heat of red-hot platinum is reflected by 


Peroxide Red Black | Black White Wood. Green 


Carmine; | of copper. | taffeta. velvet. paper. wool. oil-cloth. 


12:33 11:50 11-42 10:50 9:58 10°83 10-75 10:75 
10:08 9°83 9°83 9-00 8:33 9°33 9:17 9:08 
8°75 8-08 8°33 8:17 7:33 8°58 8°33 8:17 
17:25 16-67 16°83 16-00 15°75 16:75 16-92 16:00 
11-42 10:25 9-92 9°33 7°83 10:42 10:08 9°33 
9°33 8°33 8:33 783 6:92 8°75 8:58 7°83 


* 


produces a deflection of 6°08 ; that reflected by black paper, of 
5°17; and that by carmine, of 9°75 ; the direct radiation upon 
the thermal pile causing a deviation of 20° in the needle of the 
galvanometer. 


* The heat reflected by red-hot platinum has been previously (p. 404.and405) 
examined ; however, it appeared to me requisite to repeat the experiments on 
this occasion, so as to be enabled to annex them with greater certainty to the 
others which belong here. . The relation of the numbers to each other found 
was of course the same as before, although their absolute values were different 
from the former, which cannot surprise us, as they were observed almost a 
whole year subsequently. 


CE 
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Moreover, the rays of heat reflected by certain surfaces, as 
e.g. by gypsum and peroxide of copper, which were previously 
undistinguiskable, now appeared heterogeneous. 


TaBLeE LIV. 

Fi « ft Deflection 

Thickness Deflection 

in milli- Substances inserted. byte ee 

tres. tion. t: 

ee aan ee Nunrefiected.| GYPSUM. 
15 Heed CLASS truth ances octtbs ans sc ch -ncde ceases 20° 8-83 9-75 
Mp4, || Blwe plassysss:...).-Cesc..b-Riiees--f, QibS. 775 7:92 
BAe bliin: 2. iS waccsackticteacenh Givcaesssf per dse 15-92 6-67 
4-4 Roek salt $5041...)..t Bibids <eclecdthSs dees 20° 5°92 16-50 
37 F| Paleareous’epar ..). 5A....4..4ia-...| Ses. 6:08 9:17 
1-4 | Gypsum .............00006 B. ccsdsstgaede cess (gaat 4:58 6:33 


Since it results from these experiments that the differences 
apparent under such circumstances were not observed in single, 
and but slightly decisive instances, but are almost always greater 
and more varied than those in the case of the red-hot platinum 
(compare p. 428 and 429), the conclusion appears justified, that 
the heat emitted by platinum at a yellow heat is more heteroge- 
neous than that evolved by red-hot platinum. 

Although, as has been frequently mentioned, we cannot always 
conclude, from a great difference of two deflections when ob- 
served between lower. degrees than those with which they are 
compared, that there is a greater difference in the effects of the 
heat, still in the cases just alluded to (i. e¢. on comparing the ob- 
servations, Table LILI. and Table LIV.) this was allowed, be- 
cause this dissimilarity of the thermoscopic indications does 
not occur until a certain point; but the deflections of the needle 
of the multiplier, within the limits to which the observations 
extend, might be considered as proportional to the thermal 
influences. 

When the heat of platinum, part of which is at a white heat, 


TaBLe LV. 
. 1 Deflection 
Thickness Deflect’on 
in milli- Substances inserted. by direct 
metres. radiation. ee Gypsum. 
15 edi ols tt eX tose vedic codon eekcce 20° 11-25 13-42 
1-4 (SL GLE] RA ee an ne ce 98 2] eS 10°33 11-25 
1-4 PRPTEON (Sts Oe ete. cues eee Recmeten tee theced| “beeches 8:58 9:17 
4-4 ack salteiey . 3 S RES aaeea 20° 17-08 17°67 
efiay alCareONS SAL . 15 At. cadet sadeles desl TANS 9-42 12:17 
1-4 MGV PSU Wit seseccsen tet yibscbssnethoressese]” Restos 8:08 9:92 
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The subjoined table contains the numbers which were found 
in the individual instances (arithmetical means of three observa- 
tions) :— 


TABLE LIV. 


after the insertion when the heat of platinum at a yellow heat is reflected by 


Peroxide Red Black Black White 


Green 
of copper. | taffeta, velvet. paper. wool. Wood. 


Carmine. oil-cloth. 


10°58 9°75 9:50 8-33 7:42 8°83 9:33 8-58 
8-67 8:17 8-00 7-08 6:33 775 7:33 7-67 
7-42 6°50 6°83 5:92 5:50 CWE 6:58 6°25 

16°50 16-00 15-92 14-42 14:00 15:25 15°67 14-42 
9°75 8:50 8:83 658 5:17 9-08 8:58 6:75 
7-42 5°75 6-17 517 4:00 6:67 5°75 5:17 


is reflected by the same bodies as that at a dark red and yellow 
heat, on transmission through the diathermanous substances it 
presents still greater differences than the heat of platinum at a 
yellow heat. Thus, in the previous instances, the needle receded 
from 20° to 11°:25 on the insertion of the red glass, when these 
rays were unreflected; from 20° to 10°25 when they were re- 
flected by black paper; and to 14°17 when diffusely reflected 
by carmine; and on inserting the calcareous spar, the needle of 
the galvanometer deviates from 20° to 9°42 when the unre- 
flected rays act upon the thermal pile, from 20° to 7°°5 when 
they are reflected by black paper, and to 13°°67 when by car- 
mine. 

The rays of heat reflected by black velvet and green oil-cloth, 
which exhibited as little difference when emanating from plati- 
num at a red as from that at a yellow heat, were now readily 

distinguishable from each other. In the following table the de- 

tails of these observations (again the arithmetical means of every 
three experiments) are contained :— ' 


Tasue LY. 


after the insertion when the heat of platinum partly at a white heat is reflected by 


Peroxide Red Black Black White 
* | of copper. | tatfeta. velvet. paper. wool. 


14:17 12°67 13-00 10°67 10-25 12:50 12-25 11:58 
12:17 11:33 10°83 9-42 9°33 10°33 10°58 10-00 

9°83 9-42 9-33 8-92 7°83 9°53 9°17 8-92 
18-25 17°83 17-67 15°75 15°50 16:33 17:33 16-08 
13°67 1117 12:08 9:67 7:50 11-83 12-00 10:25 
10:50 9-08 9°50 8:58 6°42 10:33 9°67 8:33 


Green 
Wood. oil-cloth. 


Cie ites | Hie te 
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Hence it is evident that the differences which the rays of heat 
evolved by the platinum partly at a white heat exhibit after dif- 
fuse reflexion on transmission through diathermanous media, are 
all greater than those which are found under similar circum- 
stances with platinum at a yellow heat. It must consequently 
be admitted that a still larger number of heterogeneous rays of 
heat emanates from the former than from the latter. . 

Thus the result of this entire investigation is, That the heat 
emitted by red-hot platinum is more heterogeneous than that ema- 
nating from this metal at a dark heat; that from it at a yellow 
heat more so than that when red-hot; and that from white-hot 
platinum more so than that which is emitted under any other 
circumstances. 

Consequently the complexity of the heat emitted by any body, 
as might be expected, appears greater at higher than at lower 
degrees of temperature. 

But it neither increases in one and the same body constantly 
with the temperature, as is evident, e. g. by its remaining un- 
changed until its temperature exceeds 234° F., nor with different 
sources of heat, when numerous other circumstances cooperate, 
as it always greatest with that which possesses the highest tem- 
perature. 

Thus red-hot platinum e. g. emits more heterogeneous rays 
than the flame of alcohol; nevertheless it must be admitted that 
the temperature of the former is lower than that of the latter, 
which is capable of raising the platinum wire to either a yellow 
or white heat. The experiments which have hitherto been made 
show that, the differences in the nature of a source of heat have not 
the slightest possible relation to its radiating power. However, the 
series which the sources when arranged according to the compound 
nature of their rays of heat form (see p. 426, and pp. 430, 431), 


is exactly the same as that which they would form ifarrauged ac- _ 


cording to the varied nature of the /wminous rays which they emit; 
for we must e.g. consider the luminous rays alsoof an Argand lamp 
as more heterogeneous than those of red-hot platinum, because 
all bodies which reflect diffusely, when exposed to their influence, 
appear to the eye of more varied colours, and the luminous rays 


of red-hot platinum as more heterogeneous than those of the — 


flame of alcohol, because, when reflected by differently-coloured 


bodies, they appear to the eye as far more varied than the latter. — 


EE 
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The same might be said of the luminous rays of platinum at a 
white, yellow and red heat. 


In the previous details I have purposely avoided all theoretical 
remarks on the nature of the phenomena of heat, so as not to 
view the facts, which are the only permanent parts of science, 
from the perishable basis of a hypothesis. I shall not even now 
enter upon speculations of this kind, which can only lead to the 
desired object when combined with a fundamental mathematical 
treatment. Perhaps the observations contained in these essays 
may contribute to establish greater unity of principle in the 
theory of heat, in which greater discrepancy of theoretical views 
has prevailed than in any other branch of physics. 

I shall therefore conclude this memoir by briefly summing up 
the principal results which have been obtained from the experi- 
ments detailed. 

1. There are two new means of deciding with certainty whether 
any body transmits rays of heat or not. (See pp. 232, 236, 237.) 

2. The transmission of radiant heat by diathermanous bodies 
has no direct relation to the temperature of its source, but 
depends solely upon the properties of the diathermanous sub- 
stances, which are permeated by certain rays of heat in a greater 
degree than by others, whether these are of a low or high tem- 
perature. (See p. 203.) 

3. The absorption of radiant heat by a body, when the rays 
permeating it are of the same uniform intensity, is perfectly in- 
dependent of the temperature of its source, and is alone occa- 
sioned by the nature of the absorbing body, which is more sus- 
ceptible of some rays than of others. (P. 206 and 207.) 

4. A body becomes heated, within certain limits, in proportion 
to its thickness, and in a degree which is greater the less it is 
diathermanous to the rays transmitted to it. (P. 209-211.) 

5. Absorption and emission of heat correspond to each other 
so far only as they are functions of one and the same body; 
and the nature of the rays of heat has no influence on it. 
(P. 216 and 217.) 

6. The position advanced by Melloni is confirmed, viz. that 
seratching the surface of a body influences its power of radiating 
heat merely so far as it modifies its density and hardness, and 
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diminishes or increases it according as it loosens or condenses ~ 
the parts concerned. (P. 215.) 

7. The radiating power of a bedy is independent of the nature 
of the rays of heat by the absorption of which it becomes heated. 
(P. 221.) 

8. The heat radiated by the most heterogeneous bodies, of 
unequal thickness and the surfaces of which are of the most dis- 
similar nature, has been shown, by the means at present at our 
command, to be homogeneous and simple, in whatever manner 
it may be excited in them within the limits of the experiments 
hitherto made, 7. e. between 88° and 234° F. (Pp. 233, 234, 
427.) 

9. The diffusion which heat experiences on rough surfaces has 
no connexion with the temperature of its source. (P. 424.) 

10. Radiant heat is altered in very different ways by diffuse 
reflexion, by some bodies to a great extent, by others it is unaf- 
fected. In one and the same substance these modifications are 
independent of the condition of its surface. (P. 400.) 

11. The changes produced in heat by diffuse reflexion are 
occasioned both by the nature of the sources of heat and the 
properties of the reflecting bodies. (P. 408.) 

12. They are merely the consequence of a selective absorption 
of the reflecting bodies for certain rays of heat transmitted to 
them. 

13. Diffuse reflexion of the calorific rays is not analogous to 
the reflexion of luminous rays. (P. 424.) 

14. The heterogeneity of the rays of heat emitted by one and 
the same body is greater at higher than at lower temperatures ; 
but does not constantly increase with the temperature, and has 
no perceptible relation to the radiating power. (P. 432.) 

15. The series which certain sources form, when arranged 
according to the amount of difference in their rays of heat, is the 
same as that which they exhibit when they are arranged according 
to the heterogeneous nature of the luminous rays which they 
emit. (See p. 432.) 


ss 


ARTICLE XI. 


On the Spectra of Fraunhofer formed by Gratings, and on the 
Analysis of their Light. By O. F. Mossorti, Professor of 
Mathematics in Pisa. 


[From a separate Memoir, entitled Sulle Proprieta degli Spettri di Fraunhofer 
formati dai Reticoli ed Analisi della Luce che somministrano, Pisa, 1845.] 


THIS memoir consists of two parts. The first, which may be 
regarded as the introduction, contains the notice of the mathe- 
matical analysis of the solar spectrum, as read in the Physico- 
mathematical Section of the fifth assembly of Italian natural 
philosophers held at Lucca. The second part developes the 
calculus instituted in continuation for the purpose of more accu- 
rately deducing from Fraunhofer’s experiments those results 
which were merely announced at the commencement of the in- 
vestigation. 


Parr I.—InTRoDUCTION. 


1. Those philosophers who have examined the solar spectrum 
with the view of ascertaining the extent of the colours it con- 
tains, the intensity of the light at various parts, and the length 
of the corresponding fits or undulations, have generally made 

_ use of the spectrum formed by refraction. But the figure of the 
spectrum obtained by refraction is deformed. The more re- 
fractive parts are elongated, the less refractive shortened; and 
it is difficult to ascertain the properties of the component parts 
of a natural ray of light in this manner. 

Newton, who first endeavoured to express the length of the 

“portions belonging to the seven distinguishable colours of the 
spectrum, observed an analogy between the lengths of these por- 
tions and the differences in the numbers given by the values of 
the tones in an octave of the minor mode, This analogy however 
is purely accidental; the respective lengths of the different 
coloured parts of the spectrum formed by refraction vary accor- 
ding to the nature of the body which is made use of. From 
the very supposition that the spectra formed by different sul) 
stances are similar to each other, Newton drew the erroneous 

2G2 
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conclusion, that achromatism in dioptric telescopes was impos- 
sible, which has been long since disproved by experience. 

Following this analogy, Newton prepared a chromatic circle, 
which was intended to represent the image of the spectrum, inde- 
pendent of the elongation or contraction which the refraction pro- 
duces in the different parts of the prismatic spectrum. This, 
by means of the colours produced by the admixture or super- 
position of the several component colours, yields very nearly 
accurate results, but is constructed upon a hypothetical founda- 
tion. 

Lastly, Newton made use of this same analogy for the forma- 
tion of a law concerning the places which the different colours 
occupy in the prismatic spectrum and the length of the corre- 
sponding fits. This law leads to a remarkable relation which was 
first discovered by Blanc*, viz. that the length of the fit of any 
coloured ray is proportional to that power of } the exponents of 
which are obtained when {rds of the arc, at the extremity of 
which the same colour should be placed in Newton’s chromatic 
circle, is divided by the entire circumference of the circle. But 
the values obtained for the length of the fits or undulations of 
the different parts of the spectrum according to this proportion, 
are found towards its extremities to differ considerably from the 
truth t. 

2. A better method of ascertaining the composition of natural 
light and the relation which exists in vacuo or in the air between 
the length of the undulations of the rays of which it is com- 
posed and the positions of these rays in the spectrum, consists 
in the use of spectra obtained by means of a grating, and which 
were first observed by Fraunhofer. In these spectra, the only 
element contributing to their formation is the length of the waves 
of the different rays composing the natural light; the phzno- 
menon appears in them in its greatest simplicity, without the 
alterations which the transmission of the rays through a refrac- 
tive medium produces. Hence in the reticular spectrum (or that 
formed by gratings) we have a normal spectrum, to which the 
variable spectra produced in other ways may be referred. 


* See Biot, Précis Element. de Phys. Exp., edit. 3, vol. ii. p. 434. 

+ Notwithstanding this critical remark, it is astonishing that Newton, in the 
first analysis of the spectrum, knew how to combine the different elements con- 
tributing to its formation by simple and elegant, although only approximative 
laws. See the note at the conclusion. 
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Following out this idea, I have deduced from Fraunhofer’s 
extremely accurate observations the length of the different parts 
of the reticular spectrum corresponding to the intervals of the 
seven principal dark lines pointed out by Fraunhofer. These 
lines yield so many definite points, to which the different parts 
of the spectrum may be referred; they are therefore denoted by 
the letters B, C, D, IX, F, G, H, and denominated the principal 
lines. Fig. 1, Plate II. represents a spectrum of this kind. If 
this be compared with fig. 2, representing another spectrum 
which Fraunhofer obtained by refraction by means of his flint- 
glass prism No. 13*, it will be seen how great the difference is 
in the extent of the different parts, and how very considerably the 
refractive spectrum is deformed. The intervals between the prin- 
cipal lines in the reticular spectrum are respectively expressed 
by the numbers— 


BC. CD. DE. EF. FG, GH. 

31 66 61 4} 54 35 
and in the spectrum produced by refraction-- 

13 35 46 40 79 "1 


3. The reticular spectrum is characterized by a peculiar pro- 
perty. In the spectrum formed by refraction, which being 
larger and brighter allows of more easy observation, Fraunhofer 
has determined the intensity of the light in those parts which 
are nearest to the principal lines. The ordinates of the curve, 
fig. 2, Plate II., represents the intensity of light of the subjacent 
points of the spectrum. The dotted line » between D and E is 
_ drawn so as to divide the spectrum into two parts, the quantities 

of light in the different parts in which form two equal sums, or 
so that it halves the whole light of the spectrum. If in the 
reticular spectrum a line »% be drawn between D and E so as 
to indicate the place which corresponds to the ray », it divides 
the total length of the spectrum into two egual parts. This 
simplicity of the distribution of the quantity of light in the reti- 
cular spectrum is a distinctive character of a normal spectrum. 
In the prismatic spectrum the maximum of the intensity of 
the light, which corresponds to the maximum-ordinate of the 
curve, falls at m, at about ths of the interval DE reckoned 
from D to bh, and is therefore situated beyond the line » towards 
the less refractive end of the spectrum. If we consider that 


* Denkschriften d' Acad, der Wissenschaften xu Miinchen f. 1823. 
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towards this side the portions of the prismatic spectrum con- 
stantly contract more and more, it is not difficult to compre- 
hend that the maximum of light, which in the normal spec- 
trum occurs at the line », in the prismatic spectrum is moved 
towards the side D, whenever the ordinates of the curves of in- 
tensity follow a law of diminution more slowly than that accor- 
ding to which the refraction condenses the luminous rays on 
that side. In fact, it is found that the intensity of the light in 
the normal spectrum is at its maximum in the centre, and dimi- 
nishes symmetrically on both sides, so that the law of its altera- 
tion is represented by the curve over fig. 1, which is symmetrical 
around the line », and has its axis in this line. 

4. The very important problem treated of by Newton, viz. 
to establish a relation between the length of the fits or undula- 
tions and the corresponding colours, is at once solved by the 
formation of the reticular spectrum. In fact, in whatever manner 
this spectrum is produced, the different parts of the reticular 
spectrum increase nearly in proportion to the lengths of the 
waves in the corresponding rays. If we imagine the length of 
the reticular spectrum to be subdivided, like the circumference 
of a circle, into 360 parts, and denote them by 27, we find 
from the data furnished by observation that the length Ag of the 
waves of the ray, which corresponds to the extremity of the 
arc ¢ reckoned from the centre of the spectrum, is given by 


s. ® 
Ngee bose’ asa. Yo) Lo ee 


In this formula the are or distance must be considered as 
positive towards the red, and negative towards the violet end of 
the spectrum; and the unit of length in the measure of the 
lengths of the waves is the millionth part of a millimetre. 

The formula resulting from the relation discovered by Blane, 
based upon Newton’s hypothesis, is 


g 
1\ 32 
a= 5116 (5) : 


However, towards the extremities of the spectrum it gives yalues 
which differ considerably from the length of the waves. 
If, in the formula (1.), $ be first made = — z, and then ¢ = 2, 


we have 
A_, = 369; A, = 738. 
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These values correspond to the violet and red extremities of the 
spectrum ; and as the second value is twice as great as the first, 
it is evident that the length of the waves of the extreme red ray 
amounts to twice that of the extreme violet, when these extremes 
are observed (as was done by Fraunhofer) by means of a telescope, 
and if we stop at that point where the colours are still perfectly 
distinguishable. 

If, in the same formula (1.), we make ¢ = 0, we have 

Aw = 553°, 

i.e. in the centre of the spectrum the length of the waves 
amounts to 553°5 millionths of a millimetre. Now we have 
remarked that the centre corresponds to the maximum of the 
intensity of the light; supposing then that in every part of the 
spectrum there exists an equal number of rays, we should say 
that those, the waves of which have a length of 553°5 mil- 
lionths of a millimetre, are most active in exciting in us the 
perception of light, and that this capability of producing the phy- 
siological effects of vision, both when the length of the waves 
increases as well as diminishes, becomes lessened, and finally 
almost vanishes, when the waves have increased or diminished 
by one-third of the length corresponding to the maximum 
effect. 

5. From the simplicity of these results, we conclude therefore 
that, to ascertain the distribution and nature of the rays com- 
posing solar light, it is of importance to make use of a spectrum 
formed by means of a grating, as this alone is normal. In this 
spectrum the light is symmetrically distributed from its centre, 
and the relation between the length of the waves of the rays and 
the distances from the centre in which their corresponding 
colours appear in the spectrum, is by a simple law directly 
given by experiment. 

The properties of the reticular spectra above detailed, and 
the conclusion which I have deduced from them,—that they 
yield new numerical data for optical questions,—appeared to me 
sufficiently important to be communicated to this honourable and 
learned assembly. 


Part II —ANALYsIS. 


The second part contains the mathematical proofs of the de- 
duction announced in the first part. 
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§ 1. Value of the Refractive Index of Fraunhofer’s Prism No. 13* 
in Function of the Length of the Waves. 


1. When Fraunhofer observed the solar spectrum formed by a 
flint-glass prism, the angle of refraction of which was 26° 24! 30", 
through the telescope of a theodolite, the prism being in the posi- 
tion of the minimum deviation of the spectrum, he found that the 
principal line D was refracted to the angle of 17° 27's"; and 
when he measured the angles between the line D and the other 
principal lines B, C, E, F, G, f (fig. 2, Plate II.), he obtained 

BD. CD. DE. DF. DG. DH. 
12/20"-2; —9!4"-2; 11'50"0; 22/93"-9; 49' 47-8; 61'5""8. 

From a series of observations upon the solar spectrum formed 
by a grating and merely observed with the aid of the telescope 
of a theodolite, Fraunhofer also deduced the following mean 
values for the length of the waves of the rays contiguous to 
these principal lines, expressed in millionths of a millimetre :— 

B. ‘of D. E. F i H. 

658: '°656; 589; " 5965 "484%. .4993) - 805 2 ear 

Judging from these values, a grating in which the sum of a 
dark and light interval would amount to about 0:0S8 millim. 
(which was the mean of those used by Fraunhofer), would pre- 
sent a spectrum in which the angular distances between the 
line D and the others B, C, E, F, G, H, measured at the focus 
of the telescope of the theodolite, would be expressed by 

BD. DC. DE. DF. DG. DU. 
—4!15"; —a! 5u",” of agi, 4toyll. ° 7135 ~ 8! 36". 

In this spectrum, fig. 1, Plate II., which we shall call the nor- 
mal, the intervals between the principal lines vary in proportion 
to the respective lengths of the waves of the contiguous rays ; and 
if it be compared with the foregoing prismatic spectrum, it is 
seen that in the latter the intervals BD, DC, &c., compared with 
those of the former, diminish in extent, whilst the intervals DE, 
DF, &c. towards the violet end, comparatively increase in ex- 
tent. This difference in extent depends upon the corresponding 
rays, the waves of which are shorter, being refracted in an inverse 
ratio, which is greater than the simple ratio, in which the lengths 
of the waves diminish. 

* Gilbert’s dnnalen der Physik, 1817. Miinchener Denkschriften fiir 1814— 


1815. 
+ Denkschrifien der Miinchener Academie f. 1823. 
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2. In the communication which I made to the third Scientific 
Association which was held at Florence, I have given the for- 
mula which expresses the refractive index in function of the 
lengths of the waves. If this formula be extended, by carrying 
out the approximation to the fourth power of the lengths of the 
wayes, it may be represented by the following function :-— 


a eAts Ao \? Ao \* 
eee 1c) ee 


In this formula V signifies the velocity of the propagation of 
the light in the refracting medium, taken as unity én vacuo or in 
the air; 7 therefore corresponds to the index of refraction; A 
indicates in the air the length of the waves of a single ray of a 
given colour, and A the same for a ray of any colour; 7, h, k are 
three constant coefficients, dependent upon the nature of the 
medium, and which may be experimentally determined for every 
refracting substance. 

3. To carry out this determination in the present instance, we 
shall have recourse to a known formula, which Fraunhofer also 
made use of. If ¢ = 26° 24'30" denote the refracting angle of 
the prism, = 17° 21'8" the angle of refraction of the ray of the 
colour situated at the line D, and a the angular distance in the 
spectrum between the line D and the line which runs through 
the colour corresponding to the length a, we have 

1 _ sini (¢4+04 2) 


V sin} ¢ 


If this value of the index of refraction be made equal to the one 
above, we obtain the equation 


sin } (> a Sa ere (23) a.m (2 2 tert AD 


sini $ 


The value of the first member may be calculated for each of 
the principal bands by means of the magnitudes previously 
given; thus if, in the second member, we substitute for Aj and A 
the corresponding values of the length of the waves which have 
been already given, we obtain an equal number of equations, 
from which the values of the constants i, h, k may be deduced, 
applying, if thought necessary, the method of least squares. 

To effect this determination more conveniently, the above 
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equation need only be subjected to a single transformation. 
First, since when in it we make A = Ap, « must be = O, we have 


sing (+) _. 
ianlger Sth Rh tke 4 oe} Ce 


: 


If now 7 be eliminated by means of this expression, and twice 
the product of the cosine of half the sum into the sine of half 
the difference be substituted for the difference of the sines, we 
obtain 


i ly 2 
g rite te) inte = n+l (%) +1]h. 
Xo —1 {sini A 
[G sind @ 


In using this formula for determining the two constants h and k, 
we must substitute the respective values of x, for the rays situ- 
ated upon the six lines B, C, D, E, F, G, 

DB. DC. DE. DF. DH. 
—12'20"2; —9'4"2; 11'50""0; 22'23"-9; 4g! a7 8; 615-8; 
and correspondingly, 

A = 688 656 526 484 428 393, 
Ay being = 589. 
On carrying out the calculation, we get the six equations, 
0:027291 = h + 1°7329k 
0°027650 = h + 180614 
0:027519 = h + 2°2539k 
0°027494 = h 4+ 2°4809k 
0°028527 = h + 2°8850k 
0-028903 = h + 3:2463 k; 
whence, by the method of least squares, 
h =0'025555 k=G-000975; 
and we then obtain from the equation (3.) 
2 = 1°608506. 

With these numerical values, the refractive index of flint- 
glass, of which the prism used by Fraunhofer in his experiments 
was composed, is expressed in function of the length of waves in 
vacuo for the different coloured rays, by 

1 
V 

To determine to what degree of accuracy this formula would 

represent the observations, I calculated by means of the equa- 


; 


An\2 A.\4 
= 1608506 + 0-025555 (>) + 0:000975 (s) 
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tion (1.) the values of w in the six spaces between the principal 
lines of the spectrum, and obtained, 
BD. DC. DE. DF. DG. DH. 
—12!19"-6; —8!57"-2; 11'56""0; 29/48"-8; 49/33"-6; 60/43""1. 
The comparison of these values shows a sufficient agreement 
with those mentioned above and given by observation. 


§ 11. On the respective Intensities of Light in different parts of 
the Prismatic and Reticular Spectrum. 


4, As the prismatic spectrum is larger and of brighter and 
more distinct colours, Fraunhofer was enabled to measure the 
intensity of its light near the principal bands, when approximated 
to and compared with the light of a lamp placed at various 
distances. The results of his observations are contained in the 
following table :— 


Babes Intensity of light at 


of the ob- 
servations. B. E. D. 


Between 
D.&E. E. F. G, H. 


B, 0-010} 0-048 | 0-61 | 1:00 | 0-44 | 0-084] 0:010} 0-001] 
II. 0-044] 0-096) 059 | 1:00 | 0°38 | 0-140} 0-029} 0-0072 
Ill. 0:053 | 0:150} 0:72 | 1:00 | 0-61 | 0-250) 0-053) 0-0090 
IV. 0-020} 0-084] 0-62 | 1:00 | 0-49 | 0-190} 0-032 0-0050 


Mean | 0-032 0-004 0-64 1-00 | 0-48 | 0-168| 0-031 | 0-0056 


The maximum of light assumed as unity falls between D and 
E. From the nature of the maximum itself, it was difficult to 
_ determine accurately the spot where it falls. Fraunhofer places it 
between one fourth and one-third of the interval DE from D to E. 

The ordinates of the curve above the figure of the spectrum, 
fig. 2, Plate II., represent the mean observed intensities of light 
at the points of the spectrum situated beneath, corresponding to 
the same abscissz. From the inspection of this curve, we see that 
the intensities of the light become comparatively further extended 
towards the red than towards the violet end, which may depend 
upon the index of refraction of the shorter undulations varying 
more rapidly than in the inverse proportion of their length, and 
the rays thus respectively being more condensed at the red end 
and more diffused at the violet end. The proportion in which the 
density of the rays in the various parts of the prismatic spec- 
trum alters, compared with that in which they are distributed in 
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the corresponding parts of the spectrum, is proportional to the 
dx 2 

differential coefficients an? °° that when G signifies the inten- 


sity of the light at the point x in the prismatic spectrum, I’ must 


correspond to the point @ in the reticular spectrum: 
dx 
r =n an G, . . . . . . . ° (4.) 


in which z is a constant coefficient. 


The value of the differential coefficient Ge is found from the 


dar 
equation (1.), which when differentiated yields 
bs i Wane 3 4 (%)" 3 aah sind ¢ 
PK * [2+ é PN lprerces oee 
whence 


= an Ae), 22) laartest pee 
i ro ¢ ae ae r sind (¢+~+.2)° 


If the above mean values be substituted for G, and the data 
in the preceding paragraph for Ao, 4, 2, ¢, ¥, we obtain the fol- 


2 1 fs rae Fs 
lowing values of = I for the positions of the principal lines : — 


B. ¢. D. E. F. G i. 
9054; 30851; 294375; 315787; 145931; 39316; 9471. 
These numbers give the ratios of the intensities of the light 

of the reticular spectrum at the points mentioned. 


§ III. On the Curve formed by the Intensity of the Light in the 
various parts of the Reticular Spectrum. 


5. Since the intensities of the light of different parts of the — 
spectrum are recognised by means of the eye, they must depend 
both upon the amount of rays accumulated at one part, and upon 
the susceptibility of the retina for the peculiar species of those 
rays. The law cf the variability of this intensity, being dependent 
upon both physical and physiological elements, is too complicated ~ 
to allow of its being deduced @ priori in the present state of our 
knowledge. However, as we have already determined the pro- 
portions ‘ee the intensities of the light i in the various parts of the — 
reticular spectrum, we may seek @ posteriori for a formula which | 
connects them by a law of continuity with each other, and thus 
renders their properties more intelligible. 
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In constructing a formula to represent the observed inten- 
sities with a small number of constants, it is important to pro- 
ceed to the investigation by direct experiments, which yield the 
given values for interpolation. The inspection of the values of 


ir previously given, shows that they diminish from the cen- 


tre towards the extremities in a manner which tends to point 
to the existence of a similar law of decrease on both sides. In 
order therefore to represent the intensities of the light in the 
reticular spectrum, I shall take the ordinates of a symmetrical 
curye, and select as the axis of the curve the line which passes 
through that point where the length of the waves Az is = 553°5. 
I have adopted the following formula: — 


a= tx (6.) 


in which, to render the members homogeneous, I have made 


A— 1—F 

Jaa im spore | ele Teale SANG 
and have assumed the maximum value of I, i. e. that which cor- 
responds to the axis of the curve, to be taken as unity. 

That this formula may represent the intensity of the reticular 

' spectrum, it must satisfy the two following conditions :— 

First. f by means of it the maximum intensity of light in 
the prismatic spectrum be calculated, this must fall at the inter- 
val DE, about one-fourth or one-third of it from D towards E. 

Secondly. The calculated intensities of light corresponding 

_ to the places at the lines B, C, D, E, F, G and H in the spec- 
trum, must agree very closely with those observed, the values of 
which we have given in No. 4. Ps 
_ 6, To ascertain whether the formula (6.) possesses the above 
property, I may previously remark, that the values of the in- 
Dissity G must generally be deduced from those of I by means 
of the equation given above :— 


d daz 
-“ Ti — n ada G. . . e . . . . (4.) 


a <5 


_ To satisfy the first condition, I differentiate this equation, and 


in the differential equation make a8 = 0, so that the value of 


FN ee Ne og Be Wh 


? 
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a, which it verifies, may belong to the maximum of G. I thus 
obtain 
adn” de® 


and from this eliminating » G by means of the previous equa- 
tion, 


and considering that the equation (8.) gives 
1 ar ax 1 : 
Td tan da. eo ane aea 


on substituting x instead of I, we have 


The values of ax and olf to be substituted in this © 


dx dx’ dn 


equation, must be obtained by differentiation from the equations — 
(6.) and (5.), which gives 


3 
big hitras Ae _ 3x (2-3) 1247(3—-2n4+x%)e % dx, 
ties A 37 or ¥ at) + wie: adn 
1+4x7%e * (lL+4x*)+e % 
f “ | 
dx 1 3i+10%{™) = Nae dx 
ie a Batete) (ay 
°| h+3 nea) ee 


and with As values the previous equation takes the ain 
form :— 


- 3 
ae ee (ae 2 x 
1 M HL 4)/1 3x2 3x) , 12x*(B—x 42x76 % 


~ 4.329 Ag | 3 ~3)\2 
1+4x%e *% 1+4x7e a 


in which for brevity we have substituted H for the quantity 


| i 
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2 
which in the second part of the expression of — is contained 


between the parentheses. 

If we had eliminated x from the latter equation and (6.), and 
instead of z and 2 substituted its values (7.) and (2.) in function 
of a, the resulting equation would not involve any unknown 
quantity but a, and would be capable of giving the value of 
this magnitude for that place at which the intensity of the light 
of the prismatic spectrum must be at its maximum. We shall 
denote this value by Az. 

The elimination and solution here spoken of would be im- 
practicable if it were required to be carried out to its fullest extent. 
We may however remark, that the maximum of G must lie very 
near to that of I’, and that the values of I when near the maximum 
in general vary but little, and still less in our peculiar instance, on 
account of the form of the equation adopted. As the value of x 


in the formula (6.) must be rather small, and the exponential 
3 


e % becomes a very small magnitude which may be neglected, 
the equations (6.) and (10.) may be reduced to the form 


Bn =4x—-x? +22 
Ay = fy HM ™ 11 5x 432+ 922}. 
0 


For the purpose of solving these two equations, I have cal- 
culated a table of five terms, which gives the values of 
qs H*~»—** by means of the assumed values of A, and those 

0 
of A, which are very near those of A. Then, assuming a value 
for x which is very near the truth, I calculated from the first of 
the two equations, that of z*, then that of z, from which I next 
deduced 


With this value of a, by entering in the table mentioned above, 
I have deduced that of 
A ae Au 


qe H m ho 
and by means of the second equation obtained a second value of 


#. If this value of 2 coincided with that already obtained from 
the first equation, I concluded that the assumed value of x was 
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the true one. By this method I obtained for the maximum of 
the intensity of the light, 
Xm = 0702255; log x4, = 784258; a,, — Az = 16°96; 
whence, Az being = 553°5, we have 
Nps MOE 
By the formula (1.) ¢ = 3'4" = 184" dbiteapunde to this value 
of 4,,, so that as the interval DE = 11/50" = 710", and conse- 
quently 1 DE = 177"5, 1 DE = 236"7; we see that the place 
found for the maximum of the intensity of the light in the 
prismatic spectrum falls at one-fourth or one-third of the interval 
DE, as required by experiment. 
7. Xm having the value obtained by the formula (8.), we have 
De Os. 
If in the equation (4.) we make G = 1], it should be verified 
by this value of I°,,; whence 


and if the calculation be carried out, we find 
log n = 428391. 

This value of z is necessary, in order to pass from the value 
of I’ in the case of the reticular spectrum to that of G, corre- 
sponding to the prismatic spectrum, if we indicate as unity the 
maximum of the intensity of the light in each spectrum*. 

8. To ascertain whether the assumed formula (6.) also ful- 
fills the second condition, 7. e. represents the intensity of the — 
light at different points of the prismatic spectrum near the 
principal lines, we have first to deduce from the same formula | 
the values of I, which correspond to the values of A belonging 
to these lines; and then from these values, by means of the ~ 
formula (4.), those of G. 

Fig. 1, Plate II., represents the curve given by equation (6:), 
presupposing that in this equation instead of x its expression (8.) 
was substituted, and I indicates the ordinates and z the abscisse, 


eee 


* Ifit were required to fulfill the condition that both spectra should contain the ; 

: : ‘ dd © 

same amount of light, must be determined by means of the formula =i | 
and therefore the value of the intensity G obtained from our formula must be — 
divided by this value of x; but in this case the maximum inteusity G would no — 


longer be expressed by unity. 5 
4 
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counted from the axis » and measured in parts of the semi-cir- 
cumference. I first took on this curve, which was drawn in cor- 
rect proportions, the nearest values of I, corresponding to the 
values belonging to the lines B, C, D, E, F, G, H, and then 
corrected these values, so that they accurately satisfied the equa- 
tion (6.); thus I found 


ed G; D. 


Between . 
5 D.&E. E. F. G. H. 


z |2-290 | 1-745 | 0-604 
[| 0-0208) 0-0607| 0:5615 


0-000 | 0-468 | 1-183 | 2-120 | 2-753 
1-000 | 0-6931) 02772) 040274) 0-0122 


From these values of I’, from that of n, and from the values of 


2 already calculated, I then deduced by means of formula (4.) 


D.&E. G. H. 


ari B. Cc. D Between E. HE: F. 


0-011 | 0:0037 


These values of the intensities of the light of the prismatic 
spectrum, arising from the laws expressed by the formule (1.) 
and (6.), all lie between those given by observation which are 
detailed in No. 4; and they therefore show that the formula 
assumed is capable of representing the phenomena. In fact, 
the limits between which the data of the observations detailed 
range, show how difficult is the determination of these data, and 
consequently what uncertainty still remains regarding their va- 

Jues. Thus the necessity of philosophers discovering photome- 
tric means which are susceptible of greater accuracy, becomes 
more and more striking. For want of more accurate data, we 
consider it superfluous to ascertain whether, by an alteration in 
the formulz, or rather of their coefficients, a greater approxima- 
tion of the calculated to the observed results could not be attained. 


; § IV. Remarks. 


_ 9. The values of z and I in the formulz (7.) and (8.) are so 
expressed that the intensity of the light in the centre of the nor- 
‘mal spectrum is at a maximum, when I’ is equal to the radius or 
unity, and the abscisse increase proportionally in parts of the 
semi-circumference x. If A be taken as = Ay F 4 Aw, we have 
from formula (7.) 

fy = —T, *) == 5 


VOL. V. PART X1X. 2H 
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whence, as Ay = 553°5, the abscissee which on either side of the 
maximum ordinate are equivalent to the semi-circumference, the 
lengths of the waves correspond to 553°5 + 184°5, i.e. 
A—, = 369; A, = 738. 

These two values approximate with sufficient accuracy to those 
lengths of waves at which the light ceases to be visible. The 
intensities of light corresponding to these lengths of waves in 
the points of the normal spectrum would scarcely amount to 
0-006 of the maximum intensity ; and these points would scarcely 
differ by ,\,th of the whole length of the spectrum from the inde- 
finite limits which are given in Fraunhofer’s diagram. If we bear 
in mind that the observations of this skilful optician were made 
with great care to assist the eye to discern the faintest traces of 
light, it may be said that ordinarily the distinct perceptibility of 
light is produced by waves the length of which extends from 
369 to 738 millionths of a millimetre, or rather by waves the 
length of which varies from 1 to 2; and that those are most 
capable of producing the most lively perception, the length of 
which amounts to 5535 millionths of a millimetre, or once and 
a half the length of the smallest wave. 

10. In conclusion, I shall follow the example of Newton in 
arranging the values of the lengths of the waves corresponding to 
the principal lines with those of the tones of the diatonic scale:-— 


do. | red. | re. | mi. | fa.-| fat. | sol. la. si. do. 


‘lelelalel#lalelel2 
Tas |uses | sea | so |usss| sar | aoe | aes | aoss | ses 
A B €. D E. F. G H. I. 


. A . . a 4 ° . . 
738 | 688 | 656 | 589 |553:5] 526 | 484 | 429 | 393 | 369 


The two first lines of numbers express the relative values of 
the tones, the lower tone (c) being expressed by unity or the frac- 
tion 74,, so that the denominator of the second line represents the 
lengths of the strings which produce the respective tones. The 
third line of numbers contains the values of the lengths of the 
waves corresponding to the principal lines placed above them, | 
expressed in millionths of a millimetre. On comparison, it ap- 
pears that the lengths of the waves at the lines C, D, H cor- 
respond with the lengths of the strings of the tones re, mi, si, 
whilst in the others we only get an approximation. These co- 
incidences of the dark principal lines, when the proportion is 
expressed by the direct denominators 4 and 8, and the numerators 
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are indirect, appear favourable to the supposition that the dark 
lines are produced by interference; hence it is worthy of re- 
mark, that the line F corresponds only approximatively to the 
sol, the length of the waves of which is 7th less than the length 
of the strings of the corresponding tone. However, these purely 
speculative remarks are merely given until we possess more 
numerous and accurate experimental data. 


Apprenpix.—On Newton’s Theory of the Spectrum. 


If the length of Newton’s prismatic spectrum, fig. 3, Plate IL., 
be taken as unity, and the commencement of the coordinates be 
placed in the outermost point O, at the distance of one of the 
red boundaries, the abscisse X of the boundaries at which the 
different colours cease are given by the following numbers :— 

Xo. Ae Ka. Xg. Xo. X¢. Xi. Xu. 
j eee) 6 4 3 5 16 9 
a 5 : z arg : 
The letters r, a, g, &c. express respectively the colours red, 
orange, yellow, &c. 
Inversely we have 
Se a OO ts Ce AR 
Xo Xr" Xa Xg° Xo” Xe Xi Xw 
Teo. 1 


oH ae) lume.) Se toes 
The lengths a of the fits of the colours corresponding to these 
limits follow, according to Newton, the numerical values 
Ao. ar. aa. ag. Av. at. Ai. au. 
(is (3)? (@ G? (3) (s Gee G)F--- (2) 
The extensions of the colours upon the circumference of the 
coloured circle, according to Newton, are proportional to the 
following differences :— 
ae eae aon Cr 
whence we have 
or. $4. $9. gv. gt. gi. gu. 
g TS To 7 To Th Oe en 
If the circumference of the circle be divided in the proportion 
of these numbers, the lengths of the curves or, ra, &c. would be 


or. ra. ag. gv. vt. ti. iu. 
60° 45's 34°11'; 54°41'; 60°46'; 54°41'; 34°11'; 60°45!. 

The spectrum represented by this, when rectilinearly extended, 
as in fig. 4, Plate II., would form Newton’s normal spectrum. 


The centre of this spectrum would be in the middle of the green ; 
2u 2 
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the colours would be symmetrically distributed on both sides; 
and the lengths of the fits of the rays, which correspond to two 
colours equidistant from the centre of the spectrum, would pretty 
nearly satisfy the condition which was first noticed by Blanc, 
that its product was constant and equal to (4)3; this leads to the 
equation 
nel 
Ad=5116(1) 3” 
which gives the length of the fits Ag, corresponding to the 
are ¢ counted from the middle and assumed as positive towards 
the red end, in millionths of a millimetre. 

The three series, (1.), (2.), (3.), which we have here combined, 
comprise in a single point of view the simple relations by means 
of which Newton ingeniously attempted to ascertain the different 
elements of the spectrum. 
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ArTIcLE XII. 


Memoir on the Nocturnal Cooling of Bodies exposed to a free 
Atmosphere in calm and serene Weather, and on the resulting 
Phenomena near the Earth’s surface. By M. Meuioni*, 


[Read to the Royal Academy of Sciences of Naples on the 23rd of February, 
and 9th and 16th of March 1847.] 


WILSON was the first who observed the cold produced in 
bodies exposed during the night, in the open country and under a 
clear sky and calm atmosphere. His observations were performed 
towards the end of the year 1783 by means of two thermometers, 
one placed on the snow, the other freely suspended at the height 
of 4 feet. On one of these nights, the lower thermometer, 
under a perfectly clear sky, marked —21°7; the upper ther- 
mometer —15°. The difference of six degrees diminished rapidly 
when clouds appeared on the horizon, and entirely vanished 
when the sky was completely covered: the two thermometers 
had then descended to —13°9+. 

Some years later, Six found that a thermometer placed on the 
grass of a meadow during calm and clear nights continued at 
several degrees lower than another perfectly similar thermometer 
suspended at the height of 5 or 6 feet, the difference between the 
two amounting sometimes to 7°'5 ft. 

At the beginning of the present century Wells instituted a 
long series of experiments analogous to those of Six, but more 
extended and diversified, by placing thermometers in contact 
with the ground and leaves of plants, or by enveloping them with 
wool, cotton, and other substances. These thermometers, placed 
at a small distance from the earth’s surface, in calm and serene 
weather, gave a fall of 4°°5 and even 78 below a thermometer 
without any envelope suspended at the height of 4 feet §. 

All these indications became more nearly equal to each other, 
and sometimes became absolutely equal when the wind blew, or 


* Translated from the Annales de Chimie et de Physique for February 1848, 
by Mr. A. W. Hobson, B.A., St. John’s College, Cambridge. 

+ Edinburgh Philosophical Transactions, vol, i. p. 1538. 

t Six’s Posthumous Works. Canterbury, 1794. 

§ Ann. de Chimie et de Phys. 3rd series, vol. v. p. 183. 
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when the sky was covered with clouds, or when a screen was 
stretched horizontally at the distance of some feet from the ther- 
mometers, so as to intercept entirely the view of the celestial vault. 

The experiments of Wells have been repeated by several 
observers, and in particular by M. Pouillet. This philosopher in- 
serted one of the thermometers into swansdown contained in a 
vessel placed on the ground, and left the other suspended freely 
at the height of 4 feet, in the same way as Wells and Wilson. 
The lower thermometer, on certain nights, descended eight. or 
nine degrees below the upper one*. 

The differences of temperature between the two thermometers 
employed in these various experiments are evidently owing to 
the calorific radiation towards the upper regions of the atmo- 
sphere; and the simple fact of the quickness with which they 
diminish or entirely cease, on the appearance of clouds or under 
the mere influence of an obstacle opposed to the exchange of 
heat between the thermometers and the sky, is a sufficiently 
evident proof of it. 

Nevertheless if we examine them with attention, it is not dif- 
ficult to convince ourselves that these differences do rot represent 
the excess of radiation of the lower thermometer above that of 
the upper one. 

And, in fact, we know that the temperature of the air at dif- 
ferent distances from the ground is not constant, but variable 
with the height. In general, the heat increases during the day 
as we approach the terrestrial surface; but the contrary occurs 
in calm and serene nights. This latter fact, which was. first 
observed by Pictet towards the end of the last century, and after- 
wards confirmed by Six, Maveix and other experimenters, leads 
evidently to the consequence, that in the experiments above- 
mentioned, the thermometers nearest the ground acquire, dy the 
mere contact of the medium in which they are plunged, a tempe- 
rature lower than that of the upper thermometers; and that, 
consequently, the difference between the two temperatures is not 
entirely owing to radiation. Again, as glass is endowed with a 
very great emissive power, naked thermometers cool quite as 
much as the most radiating bodies, and do not indicate, under 
a serene atmosphere, the true temperature of the air. 

Hence, to obtain comparable results, and to judge how much 
a thermometer covered or enveloped with a given substance falls 

* Pouillet, Eléments de Physique, 4th edition, 1844, p. 610. 
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during the night below the surrounding temperature, we must 
find out a method of neutralizing, or at least diminishing as far 
as possible, the radiation of the thermometer which measures the 
temperature of the air; and it is absolutely indispensable that 
the two instruments should be kept during the observations in 
the same horizontal stratum of the atmosphere. 

The well-known fact of the radiating power of metals being 
less than that of all other bodies, led several observers to cover 
the thermometer used in measuring the atmospheric temperatures 
with leaves of gold, silver or tin; but these envelopes scarcely 
satisfy the required conditions, in consequence of the extreme 
difficulty of adapting exactly the metallic leaves on the glass, 
without forming wrinkles or leaving some portion of the bulb 
exposed. And then, since the thermometer enveloped in me- 
tallic leaf was employed solely to measure the temperatures of 
the air, and that in order to obtain the effect of radiation of dif- 
ferent substances, they continued to use naked thermometers, 
there ensued a new source of error in consequence of the different 
sensibilities of these two species of thermometers, the former 
being necessarily rather more sluggish (paresseux) than the 
second. Both of these inconveniences may be easily avoided by 
preparing in the following manner all the thermometers which 
it is intended to use in researches on nocturnal cooling. 

Procure in the first place a small cylinder of cork of fine tex- 
ture, whose form and dimensions are about the same as those of 
a common cork ; let it be pierced in the direction of its axis by 
a small hole, in which is to be introduced the extremity of a 
thermometer graduated on its tube, and having gently pushed 
the cork to within 5 or 6 millimetres distance from the bulb, 
fix it firmly in this position with mastic and some small wedges 
of wood or cardboard. The thermometer-tube is afterwards to 
be applied to a sheet of paper to copy the scale, which is then 
to be engraved on a very slight strip of ivory. This moveable 
ivory scale may then be adjusted to the thermometer by means 
of an incision made in the upper part of the cork, and securely 
fixed by the help of two small pegs, when a perfect coincidence 
has been obtained between its divisions and those of the glass. 
The small strip of ivory is then fixed on the tube, as is usually 
done on thermometers with moveable scale. In the instruments 
thus prepared, the extremity of the column of mercury and the 
corresponding degree on the scale are distinctly visible at a glance 
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when looked at in a dark place by means of a light placed behind 
the strip of ivory, a circumstance of great importance in nocturnal 
observations. But a quality still more precious in these ther- 
mometers constructed with corks, consists in the great facility 
which they afford for comparison between the temperatures of 
the air and of bodies which radiate towards the celestial space. 
For this purpose, a small vase of silver or brass is taken, similar 
to a common sewing-thimble, whose surface is to be smooth and 
polished, and its dimensions sufficient to receive the bulb of a 
thermometer, and then fit on with friction to the lower extremity 
of the small cork cylinder. The thermometer having thus its 
reservoir protected by a metal armature, and the tube by an en- 
velope of the same nature, loses almost completely its emissive 
power, as we shall soon see, and consequently furnishes the true 


temperature of the stratum of air in which it is plunged. Also, 


if we cover the exterior surface of the armature with lamp-black 
or a varnish, the emissive power of the apparatus is raised to its 
maximum; and the thermometer, being properly placed in free 
air, descends below the surrounding temperature by radiation 
towards the upper regions of the atmosphere. All this is clearly 
manifested by the following experiments. 

On the 17th of last September (1846) the weather was fine 
and calm in the valley named La Lava,.situated between the 
cities of Naples and Salerno. At 9 o’clock in the evening I ex- 
posed on a terrace raised 15 metres above the ground, three 
thermometers sensibly equal, armed in the manner I have just 
mentioned ; two had their armature polished, that of the third 
was coated with lamp-black. These thermometers were placed 
horizontally, and each of them had its reservoir placed at the 
bottom ofa vessel formed of tin-plate, and of the shape ofa trun- 
cated cone inverted, the radius of its lower end being 2 cen- 
timetres, and that of the upper end 7 centimetres. These 
vessels, which were 8 centimetres high, were supported by 
tripods 50 centimetres in height, formed of slender tin-plate 
tubes, which, in addition to their firmness, possess the advantage 
of having but little matter in their transverse section ; and hence, 
by affording very little communication of heat with the ground 
beneath them, almost-completely isolate the bodies they support. 

In order to introduce the thermometer horizontally into the 
recipients and keep them in this position, each vessel had a lateral 
opening made close to the bottom, and furnished on the inside 
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with a metallic tube which covered half of the cork of the ther- 
mometer. The stems of the thermometers and their ivory scales 
were enclosed in cases of thin tin-plate, which fitted on to the 
other half of the cork, passing through the exterior side of the 
vessel, and could be taken away and replaced at pleasure, to 
observe the indications of the instruments, and to preserve them 
from the moisture of the atmosphere, and especially from the 
effects of the cooling of the ivory scales and thermometer-stems*. 
The openings in the vessels were in the first place closed by discs 
of tin-plate. 

After being exposed for half an hour, and consequently at 94 
30™, the three thermometers marked the same temperature,17°6, 
or to speak more accurately, they only differed from each other 
by the same fractions of a degree (0°05 and 0:09) marked by the 
three instruments when plunged uncovered into a large vessel 
of lukewarm water. At 10 o’clock the thermometers were ob- 
served again, and all three were seen to mark a temperature of 
17°:3: at 105 30™ the three thermometric columns indicated 177*1. 


* Tf the tubes of the thermometers were left exposed to the free air, the cold 
resulting from their radiation towards the sky might interfere with the action 
of the different substances applied to the bulbs, to such a degree that it would 
often be impossible to recognise the difference in their emissive powers. And 
it is easy to perceive the cause of this confusien, if we reflect that in the vertical 
position in which the thermometer is usually held, the radiation takes place from 
all points of the surface of the tube. ‘The cold produced on the superficial 
layers is propagated along the sides to the bulb, and in a transverse direction 
as far as the middle. ‘The liquids of the thermometric column which contract, 
descend and are replaced by a corresponding portion of particles from the bulb, 
and a circulation is formed whose cooling effect is added to that produced by 
the direct contact between the tube and bulb ; so that a considerable part of the 
cold produced by the radiation of the stem is communicated to the whole mass 
of the thermoscopic liquid and to the reservoir of the thermometer. 

+ When the experiments are made in the midst of fields on calm and serene 
nights, the air surrounding the thermometer is always very moist: we shall 
hereafter perceive the cause of this great humidity. Admitting it for the pre- 
sent as a certain fact, it evidently follows that in this case the cold transmitted 
by the stem to the bulb of the thermometer will cause a precipitation of aque- 
ous vapour on whatever substance covers it. Now water being endowed with 
a great emissive power, will begin to radiate itself, and immediately to cool 
down the thermometric reservoir, and this cold will become sensibly equal to 
that of the most radiating bodies; so that two thermometers with uncovered 
tubes, one of which has its reservoir coated with lamp-black, and the other giit 
or silvered, if exposed to the free air on calm and serene nights after having 
presented a difference of cold in favour of the former substance, will ultimately 
indicate the same degree of heat. 

This is the reason why some experimenters have not observed any appreciable 
difference between the nocturnal cooling of a series of thermometers, whose 

_ stems were uncovered, placed at the same height, although the reservoirs of these 
thermometers were covered with different substances, or put into communication 
with plates of different nature sustained by glass cylinders. 
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These initial observations already proved clearly that the metal 
armatures with which the first two thermometers were furnished, 
and the similar metallic sides of the three receiving vessels, were 
not sensibly cooled by radiation ; for otherwise the thermometers 
furnished with polished metallic armatures would have marked 
a higher temperature than that of the thermometer whose arma- 
ture was blackened. But this conclusion became still more evi- 
dent on taking away the covers of the two latter vessels, and 
leaving one only of the two thermometers with polished armature 
in the same condition as before. The blackened thermometer 
now began to descend rapidly ; ten minutes afterwards it had 
attained its lowest point, and marked 3°°4 less than the thermo- 
meter contained in the other uncovered vessel; and this latter 
indicated the same temperature as the thermometer in the closed 
vessel. Hence the immobility of the metallic thermometer in 
the open vessel, and the identity of its temperature with that of 
the metallic thermometer in the closed vessel, incontestably prove, 
—1st, that the cooling of the blackened thermometer is owing to 
radiation, and not to the contact of the external air; 2nd, that 
the cold produced by the radiation of the metallic thermometer 
is nothing, or at least so feeble as to escape direct observation. 

The first conclusion is in perfect accordance with what we 
know of the great radiating power of lamp-black ; but the second 
is opposed to the views hitherto entertained as to the relative 
emissive powers of lamp-black and metallic surfaces. In fact, 
if we denote by 100 the calorific radiation of lamp-black, gold, 
silver, tin, and brass will have their radiating power expressed 
by 12, according to the experiments of Leslie, inserted in all 
treatises on physics. The degree of cold acquired by the black 
thermometer in consequence of its being freely exposed to the 
sky being 3°°4, the uncovered metallic thermometer ought to be 
cooled ap (3°4), @. e. 0°41, a very appreciable quantity on an 
instrument whose scale was divided to fifths of a degree ; never- 
theless the experiment indicated no clearly appreciable variation 
in the column of the uncovered metallic thermometer. 

On the other hand, if metallic surfaces are not endowed with 
that capacity of calorific emission usually attributed to them by 
experimenters, it certainly could not hence be inferred that they 
are absolutely deprived of all radiating power. 

I have therefore endeavoured to repeat with the greatest pos- 
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sible accuracy, experiments of comparison between the radiation 
of lamp-black and of metals exposed to the nocturnal influence 
of a serene sky. 

Those who have had occasion to compare with much accuracy 
the movement of several thermometers placed in the same cir- 
cumstances, will no doubt have been convinced that, whatever 
be the skill of the maker, or the nature of the methods employed 
to determine the points of comparison, it is with difficulty that 
an identity can be obtained in the indications of two thermome- 
ters. This defect would be of very little importance in researches 
which, like ours, have for their object the determination of merely 
relative values ; for we might determine the differences existing 
between them at a given temperature, and thus render the ob- 
servations identical by a simple addition or subtraction. But 
experience shows that the difference between the indications of 
two thermometers does not generally remain invariable between 
points of the scale at a distance from each other, and that it is 
frequently variable within points which are near each other, ac- 
cording as the two instruments are subjected to a more or less 
abrupt variation of temperature. 

To overcome these difficulties, I in the first place chose from 
my collection the three atmospheric thermometers which agreed 
best with each other, and after having armed them in the manner 
previously mentioned, I introduced them into their closed conical 
recipients, and exposed them on the 9th of October*, at 8 o’clock 
in the evening, the weather being very calm and serene. For 
greater distinctness, the three thermometers are denoted by the 
letters A, B,C. Half an hour afterwards we began to observe the 
instruments, the indications of which, noted every three minutes, 
gave the following results :— 


* On seeing an interval of twenty-two days between these experiments and 
the preceding, it must not be inferred that in all the intermediate nights the 
weather was not favourable for observations, as any one may convince him- 
self by the successive dates ; but rather that the experiments in question did 
not follow each other in the order adopted inthis memoir. The ideas and facts 
have not always proceeded with all the regularity desirable. Nevertheless the 
work being finished, I have endeavoured to arrange the materials gathered in 
the best way that I could. 
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Temperatures of the three blackened thermometers 


Time of observation. contained in the closed vessels. 


A, B. C: 
h m ° ° ° 
8 30 17:80 17-88 17-90 
8 33 17-79 17-83 17-84 
8 36 17:77 17:80 17-82 
8 39 17-73 17°75 17:80 
8 42 17-73 17-72 17-75 
88:82 | 88-98 89-11 
WIEAUS woot couccsesasessate sa 17-764 17-796 17-822 


Hence the differences referred to the minimum value (that of 
A), that is to say, to the mean indication of this instrument, 

were— 
17°°796 —17°-764=0°032 for B, 

17°°822 —17°°764=0°'058 for C. 

Afterwards the metallic plates which covered the recipient vessels 
were removed; and at 95 15™ the indications of the thermometers 
were again noted down every three minutes. The following are 
the results of these latter observations. 


Temperatures of the three blackened thermometers 


Ghinelor clservation contained in the open vessels. 


A. B. Cc. 

ee hae ne peer Pi tari n 

915 joo dels 14-20 14-24 

9 18 | - 14-15 14-17 14-22 

9 21 |} 1413 14-17 14-19 

9 24 | 14:12 14:13 1418 

9 27 | 14-10 14-12 14:15 
| | 70:65 70-79 70:98 
Megie tne recies<cests<- | - 1413 14-158 14:196 


Taking the differences between B, C and A, we have— 


14°*158— 14°13 =0°:028 for B,. 
14°-196— 14°13 =0°-066 for C; 


which differences are sensibly equal to the preceding, within the 
limits of errors which may be incurred in appreciating fractions 
less than tenths of a degree which were marked on the scale, 
and yet left a considerable interval between the divisions. 

The means of these two pairs_of differences are 0°030 and 
0°062; it may then be admitted that, between fourteen and 
eighteen degrees, and temperatures but little differing from these 
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two limits, 0°-03 must be subtracted from the thermometer B, 
and 0°:062 from the thermometer C, in order to obtain the tem- 
perature of thermometer A. After having determined the cor- 
rections to be made in the actual circumstances of the experiment, 
the blackened armatures of the thermometers A and B were re- 
moved and replaced by well-polished armatures of silver. The 
recipients of these two thermometers were then closed, as well 
as the third recipient containing the blackened thermometer C. 

The weather continued calm and serene, and the temperature 
of the air had not altered much on the terrace where the appa- 
ratus was placed. At ten o’clock A indicated 17°65, B 17°69, 
C 17°70. Applying to the two latter their respective corrections, 
we have 17°66 for B, and 17°638 for C, so that the three ther- 
mometers were at the same temperature. The covers of B and 
C were then removed, leaving A enclosed, and at half-past ten 
o’clock the observations were resumed, of which the following 
Table contains the results :— 


Temperatures of the thermometers in their recipients. 


Time of observation. Closed. Open. 
A. B. Cc. 
iS eae el Metallic. at etallic. :) iildoeenea 
h m ° ° ° 
10 00 | 17°55 17:50 14-07 
10 3 | 17:55 17°46 14-05 
10 6 17-53 17:44 14:05 
Longs 17°51 17:44 14:03 
10 12 17:52 17-42 14:03 
10 15 17-53 17°41 14:02 
10 18 17:51 17°39 14-00 
10 21 | 17°50 17°37 13°95 
10 24 17:50 17-36 13°92 
10 27 17-49 17°34 13°92 
175-22 174-13 140:03 
INICANIBN scx ss ty ss spare vee 17-522 17-413 14-003 
0-000 0:030 0-062 
Corrected Means...... 17-522 17°383 13-941 


Subtracting from the mean of A the corrected means of B and 
C, we obtain the differences 0°-108 for B and 3°°581 for C; and 
consequently if we make 3°581=100, the value of the emissive 
or radiating power of the silver forming the armature of the 
thermometer B will be aay 100 = 3°026, a value which may be 


regarded as exact within a limit of error of fifteen or twenty 
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thousandths, which we may conclude from the nature of the in- 
struments employed and from the great regularity of the different 
series of observations. Hence laminated silver radiates about 
four times less than experimenters have hitherto supposed. 

This result approaches very near to that obtained lately by 
MM. de la Provostaye and Desains with regard to the emissive 
power of this same metal by the aid of the thermo-multiplier 
and Leslie’s cube. In fact, if we continue to denote by 100 the 
radiating power of lamp-black, silver chemically precipitated on 
copper will, according to them, have its radiating power ex- 
pressed by 5°37 in its natural state, and by 2°10 when polished ; 
the emissive power of ordinary silver would be 2°94 when it first 
comes out of the flattening apparatus (Jaminoir), and 2°38 after 
having been burnished. 

As early as the year 1838, I had deduced from some observa- 
tions, that the difference of emissive power (as determined by 
the well-known experiment of Leslie) of a rough surface and a 
polished one of the same metal did not arise, as was then generally 
supposed, from the greater or less degree of polish of the surface, 
but in reality from the difference of density produced, in metallic 
substances, by the scratches on the metal made in order to change 
the smooth surface into a rough one, which scratches, in the or- 
dinary cases of laminated metals, laid bare the interior part more 
tender and radiating than the surface; so that these changes of 
density sufficed to explain the phenomenon hitherto observed, 
even in the case where the metal is not oxidable. This propo- 
sition appeared to me to be incontestably demonstrated by the 
two following facts :— 

Ist. Silver melted and cooled slowly in the moulds, polished 
with oil and charcoal, and afterwards scratched with the point of 
a diamond so as to compress and condense the bottom of the 
furrows, diminishes instead of increasing its radiating power in 
passing from the state of polish to roughness. 

2nd. This same kind of polished silver loses its emissive power 
as well, when smartly hammered on an anvil or passed through 
the flattening apparatus*. 

It is hence easy to perceive that the same principle is in- 
volved in the experiments of the two French philosophers ; for 
silver chemically precipitated in copper being much less hard 
and dense than polished silver, the emissive powers of these dif- 


* Bibliotheque Universelle de Genéve, année 1838. 
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ferent sorts of silver follow exactly the inverse ratio of the den- 
sities. The differences which I have investigated were due solely 
to the radiating power of the metal in its state of greatest acti- 
vity, whilst the experiments of MM. de la Provostaye and De- 
sains determine the emissive power of silver and of other metals 
with regard to lamp-black ; whence probably has arisen the 
slight historical error contained in the introduction of their 
memoir. According to them the ratio hitherto admitted be- 
tween the emissive power of metals and that of lamp-black would 
result as well from the experiments of Leslie as from the labours 
of Petit and Dulong and from my researches. It is very true that 
Petit and Dulong have obtained results but little differing from 
those of Leslie*, but no researches on this subject have been 
published by me. The only questions which have appeared to 
me sufficiently cleared up by experiment to merit the attention of 
philosophers, are, first, the influence of inequalities of surface, 
which we have just mentioned, and the influence of colour, 
questions which have each received a negative solution. I next 
examined the influence exercised by the thickness of the radia- 
ting stratum of the heated body on the phznomena of radiation, 
the sole cause, in my opinion, of the enormous differences ob- 
served between the emissive powers of different substances. As 
to the numerical determination of the radiation of metals referred 
to that of lamp-black, any one may easily convince himself 
that no mention has been made of this subject in the different 
memoirs which I have published on radiating heat. 

I will add, lastly, that experiments analogous to those of 
MM. de la Provostaye and Desains had already caused me to 
suspect the error announced by these skilful experimenters. But 
the difference between the new and the old value was so great, 
that I was tempted to attribute it to some faults of construction 
in the thermo-multiplier which I had employed. At present the 
agreement of the results obtained by such different methods as 
the radiation from the cubes of Leslie on the thermo-multiplier 
and the radiation of thermometers with metallic surfaces towards 
a serene sky, appears to me to remove ail doubts. Let us hope 
that these observations will be repeated and completed by ex- 
perimenters, and that before long the very inaccurate values of 
the emissive powers of gold and silver, of copper, tin and brass 


* Recherches sur la Mesure des Temps, Paris, 1818, p. 75. 
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deduced from the researches of Leslie, Petit and Dulong, will be 
effaced from scientific works and replaced by measures of greater 
accuracy. 

The parallel movement of the thermometers with polished ar- 
matures, in the closed and open vessels, and above all, the ex- 
tremely slight difference in their indications, show that in both 
cases these instruments give the true temperature of the stra- 
tum of air in which they are plunged, and consequently the 
- closing of the vessel is useless, when the nature of the experi- 
ments does not require an extreme degree of precision in the 
measures. It is moreover quite evident that if the presence of 
the vessel (the sides of which tend to increase the cooling’ of the 
thermometer, by preserving it from the radiation of the ground, 
by reflecting towards the sky the heat radiated by the imstru- 
ment towards the earth’s surface, and by maintaining a certain 
calm in the air surrounding it) does not sensibly alter the indi- 
cation of the thermometer relatively to the temperature of the 
stratum of air in which the instrument is plunged, this tempe- 
rature will be given with so much the greater accuracy bythe 
thermometer provided with a simple metallic case, and freely 
suspended by long metallic threads, or placed ona support 
formed of tubes of tin-plate, as we have above described. 

The means of obtaining the true temperature of the air being 
known, nothing is easier than to determine the different degrees 
of cold, that is to say, the depressions below the temperature of 
the air, produced by the nocturnal radiations of different sub- 
stances. In fact; it is sufficient to apply these substances on the 
armatures of a certain number of thermometers, introduced. into 
their respective conical recipients and exposed to the free air 
during calm and serene nights, together with the thermometer 
armed throughout with polished metal, which gives at each in- 
stant the temperature of the air, and which, for greater perspi- 
euity, we shall call the atmospheric thermometer. — All the ther- 
mometric reservoirs ought to be at the same height. Each ther- 
mometer being compared, at several periods, with the: atmo- 
spheric thermometer, the frigorific action of the substance which ~ 
envelopes it will be equal to the difference between the two im- 
struments, when this difference is preserved invariable durmg 
two or three consecutive observations. 
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The following are some of the results obtained by this method 
on the night of Sthe 17th of October 1846 :— 


Temperatures 


Name of radiating body. |~——__,_.. | Differences. Ratios. 
Of the body. | Of the air. |. 
° ° ° 

Lamp-black ............... 14-21 17°61 3°40 100 
Carbonate of lead......... 13-94 17°30 3°36 99 
MSrTISIb. 2, 22 d.0e.<ssceaes 14-10 17°42 3°30 97 
BMISINPIARS er 5-05-05 s8ene20m00 13°67 16-93 3°26 96 
RPHGS eee Sens vc nsesafe danse 4 13°63 16°79 3°16 93 
Plumbaga: >. ,..2...5<02-5-2 13°60 16:52 2-92 86 


In these experiments, as well as in every other measure re- 
lating to the comparison of nocturnal cooling resulting from a 
difference of emissive power, it is necessary to operate at a 
distance from the ground and in dry weather; for if the air is 
very moist, and the aqueous vapour is precipitated by a slight 
degree of cold, the differences marked by thermometers whose 
armatures are coated, after showing themselves at first, gradually 
disappear. 

The reason of this fact, which has already been noticed in the 
note to page 457, is easily perceived, if we reflect that in periods of 
great humidity bodies of greater or less radiating power become 
quickly covered with drops of water, and acquire upon the whole 
the degree of emissive power belonging to this liquid. 

If the substances whose emissive power we wish to find can- 
not be applied on the metallic armature of the thermometer, such 
as different kinds of sand, earths, wood and leaves of plants, the 
armature is then left polished, and the materials* are introduced 
into the bottom of the conical recipient in such quantities that 
when heaped up they nearly cover the reservoir. The cold 
resulting from their radiation is propagated, as in the preceding 
experiments, to the thermoscupic body, which eventually marks 
a depression of temperature greater or less according to the sere- 
nity of the sky, the tranquillity of the air, and the nature of the 
radiating body. 

Seven vessels prepared in this manner, the first with lamp- 
black in powder, the second with grass, the third with the leaves 


} of the elm and poplar, the fourth with vegetable earth, the fifth 


With siliceous sand, the sixth with poplar sawdust, the seventh 


* “Metals” in the French translation—evidently a mistake. 
VOL. V. PART XIX. 21 
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with mahogany sawdust, furnished the following results on the 
night of the 27th of September :— 


Temperatures 
Name of radiating body. r= |_ Differences. | Ratios. 
Of the body. | Of the air. 

° ° 
BerplUlaeh, “cece cgicheccncorees actre=s 17°50 20-40 #90 | 100 
Different grasses with smooth leaves 17:24 20:23 2:99 103 
Leaves of elm and poplar..........-.... 17-17 20°10 2:93 101 
Poplar SAWGUSE <2. scsecscostssecceces Sect weep 20:38 2:87 99 
Mahogany sawdust ........+... seecssiis). SALAOS 19:80 2-75 95 
MICRONS SAUGG sins cunesahnesssefasanssa 17°45 20°15 2-70 93 
IVIERULADIC CUTE cess ccccncecnsesasessces<s 17:02 19-69 2°67 92 


The observations were made between 8 o’clock and 114. About midnight some 
clouds appeared on the horizon on the side towards Naples; in a few minutes the 
sky was completely covered. All the thermometers marked 20° nearly at 25 mi- 
nutes past 12. 

Here the cold is rather less, because a part of the effect due to 
the reflexion of the sides is no longer exerted on the thermo- 
meter, as in the preceding case; but the radiation and the con- 
sequent cooling are manifested clearly in the sand, earths, wood 
and leaves of plants, as well as in the lamp- black. And although a 
rigorous comparison cannot be made between these results on 
account of the differences of conducting power and mass of the 
substances submitted to experiment, the emissive power of these 
earths and vegetable substances did not seem to differ much 
from that of lamp-black. 

Moreover, no one can doubt that the different degrees of cold 
observed in these experiments arose from the emission of heat 
into space or the elevated regions of the atmosphere by the dif; 
ferent substances which envelope the thermometric armature, 
since they are seen to diminish at the very instant when clouds 
come and station themselves like immense diaphragms above the 
bodies, thus intercepting all communication between the sky 
and the earth, and are at length completely reduced to zero. 

Another proof, not less conclusive, of the same truth, is the 
cessation of the difference between the one and the other coated 
thermometer, and the facility with which they all aseend to the 
temperature of the thermometer whose armature is free, when 
the openings of the recipients are closed by the metallic dises. 

As to the portion of the sky which acts with the greatest m- 


tensity in this class of phenomena, it is easy to convince oneself — 


that it consists in a certain circular space which has for its centre 


the zenith of the place of observation. In fact, if, whilst experi- — 
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menting in serene weather, the sky becomes slowly covered with 
clouds, the differences between the thermometer enveloped in 
radiating substances and the thermometer with metallic sur- 
face, diminish very little so long as the clouds remain separated 
by 30° or 35° from the vertical drawn through the place of ob- 
servation, As soon as this limit is passed, these differences 
decrease very rapidly, and totally disappear when the angular 
space of 35° round the zenith is completely covered with clouds. 

But without waiting for these changes in the weather, which 
are unfortunately more frequent than the observer occupied with 
experiments on nocturnal radiation would wish, we may arrive at 
the same conclusion by a very simple artifice. In fact, it is suf- 
ficient to incline the vertical axis of the conical vessel which con- 
tains the bulb of a thermometer with blackened or varnished 
armature, to perceive that during this period of calm and serenity 
the thermometer preserves sensibly the same degree of cold until 
the inclination to the vertical becomes 30° or 35°; beyond this 
limit the temperature of the thermometer approaches that of the 
atmosphere, and only differs from it by a small fraction of a 
degree when the axis of the recipient is brought into the hori- 
zontal position. 

The law of the proportionality of heat to the sine of the 
angle formed by the radii with the normal to the element of 
the radiating surface, led Fourier to the consequence that calo- 
rific radiation does not proceed solely from the surface of bodies, 
but also from a certain depth; a result which followed most 
clearly from the direct observations of Leslie and Rumford. 

To verify this fact relatively to nocturnal radiation, *prepare 
two thermometers with corks, so that one may have its armature 
painted with only a single coat of varnish, the other with eight 
or ten; and after having exposed the two instruments to the free. 
air during the night, or still better in their open conical vessels, 
it will be seen that the first constantly maintains itself higher 
than the second. At 7 o’clock in the evening on the 19th of 
September I placed on my terrace two of these varnished ther- 
mometers, and a third whose armature was polished. One hour 
afterwards the three instruments indicated 19°4, 18°-9, 16°5; 
the first indication being that of the metallic surface, the second 
that of the surface covered with only a single coat of varnish, 


_ and the third that of the surface which had ten coats of the same 
.} substance superimposed. The thermometers, when observed at 


9 o’clock, gave 182, 17°%7, 14°8. We hence conclude that 
212 
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here, as in the experiments of Leslie and Rumford, a portion of 
the radiation which produces the cooling of the thermometers 
arises from points situated at a certain depth below the surface. 

This property of heat, which reveals itself during the trans- 
formation of ordinary heat into radiating heat, perfectly accounts 
for a phenomenon which some observers consider sufficient to 
completely overthrow the theory of Wells as to the formation of 
dew. It is generally seen at the present day, that, according to 
the English philosopher, dew is a necessary consequence of noc- 
turnal radiations, which give rise, in plants and, other bodies 
exposed to the free air, to the cooling necessary to precipitate 
the transparent and invisible aqueous vapour pervading the 
atmosphere. Now if we admit as true the tendency of bodies to 
become colder under a serene sky, say the adversaries of Wells’ 
theory, this tendency will be compensated by the heat. of the 
surrounding air, especially when the body is very thin, and con- 
sequently whose mass is very small compared with the extent of 
its surface. 

Thus the spiders’ webs so profusely scattered in the country 
during certain seasons of the year can scarcely descend below 
the surrounding temperature, and ought to remain sensibly dry 
during the whole night ; and yet precisely the opposite is ob- 
served, since, other circumstances being the same, these little 
corpuscles are more abundantly bathed in dew than any other 
substance. But the objection implies an absolute ignorance of 
the fact which we have just mentioned, and of the elements of 
physics. 

In fact, as the contact of the air takes place only at the sur- 
face, and radiation occurs not merely at the surface but also at 
points situated at a certain depth, bodies which radiate towards 
a clear sky during the night may be compared to a vessel full of 
water the bottom of which is pierced with a number of holes, 
whilst, ¢o compensate the loss sustained, we caused to arrive, by 
‘means of a second recipient of the same form and dimensions, 
water flowing from a single opening of equal diameter to one of the 
preceding, supposing it even the largest of all... The water would 
enter without ceasing into the vessel, and yet nevertheless the level 
of the liquid would necessarily fall. It is in this, manner that 
the temperature diminishes in a body radiating towards the sky 
in spite of the heat communicated to it by the contact of the air, 

Suppose now that a given quantity of matter is successively — 
formed into discs of larger and larger size and diminishing thick- 
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ness, the surface of contact with the air will certainly go on in- 
creasing; but the underlying stratum, which freely radiates its 
heat, will increase in the same: proportion; so. that. at. first 
sight it does not appear that after a certain interval of time 
there would be any difference between the cooling of very thin 
bodies and that of bodies having a certain thickness. Buta 
moment’s reflection is sufficient to convince ourselves that the 
spiders’ webs are more apt to become cool than bodies of a larger 
volume. In fact, the threads of which these webs are composed 
being excessively fine, radiate from all points of their mass, and 
receive but little or no heat from the stems, leaves or earth by 
which they are supported*; for the conductibility, being in the 
inverse ratio of the diameters, becomes sensibly nothing for cylin- 
ders of extreme thinness. Therefore the nocturnal cooling of a 
spider’s web will be quicker and more intense than that of other 
bodies; and since, according to the hypothesis adopted, dew 
depends on the degree of cold produced, the abundance of it on 
spiders’ webs is favourable, and not the contrary, to the theory 
of Wells; and those who pretend to find in it so formidable an 
objection to the ideas received in science, only show their inca- 
pacity to judge soundly of such scientific questions. 

We shall presently see analogous conclusions from other facts 
and other observations, which these competent judges regard 
as contrary to the explanation of dew founded on the principle 
of nocturnal radiation. But let us for the present remark, that, 
according to this principle, the cooling of bodies must necessarily 
precede the precipitation of dew on their surfaces. This funda- 
mental proposition of Wells’ principle may be easily demon- 
strated by means of our apparatus. 

It is, in fact, sufficient to expose to the free air two of the 
conical vessels of tin-plate which we have described, one of which 
contains a thermometer armed with polished metal, and the 
other a thermometer armed with varnished metal. The thermo- 
meters in the closed vessel will both indicate the same tempera- 
ture; but if the covers be taken off, and after having verified the 
fact already mentioned of the immobility of the metallic thermo- 
meter and the fall of the varnished one, we observe attentively the 
surface of the latter instrument, it will be seen to be at first very 
brilliant, then slightly clouded, afterwards more and more dull, 
_ and finally covered with drops of dew. Every other radiating 


* There must be a mistake here, either in the original Italian or the French 
translation.—[‘T'r, N.] 
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substance will present analogous phenomena, for example, grass 
placed, as before described, on the bottom of the vessel. 

The comparison of what takes place with leaves of gold, silver 
or copper, cut into strips of the same size as the grass, and 
superposed in the same way round the metallic armature of the 
thermometer, becomes then very interesting and decisive; for 
in this latter case there is never either cold or dew; in the 
former, on the contrary, the dew either does not show itself at 
all, or is always deposited after the thermometer has indicated a 
fall of some degrees below the temperature of the air. The in- 
terval between the cooling indicated by the thermometer and the 
precipitation of the dew is always very sensible even in the most 
humid weather ; it frequently amounts to one or two hours when 
the atmosphere has its mean degree of moisture, and in periods 
of great dryness the grass remains dry during the whole of the 
night. We can also produce at will one or other of these phases, 
and render longer or shorter the interval of time between the 
indication of cooling by the thermometer and the appearance of 
dew, by experimenting at greater or less elevations above the 
level of the ground, on terraces and roofs of different heights 
for instance; for during calm and clear nights the moisture of 
the atmosphere increases rapidly in approaching the earth’s sur- 
face, in consequence of certain actions and reactions of tempera- 
ture between plants and the surrounding air, which we shall 
presently examine. 

We have previously said that the experiments of Wells and 
others do not give the value sought of the cold produced by 
the radiation of a given substance, because the thermometers 
used by these observers having their surface of glass and being 
placed at different heights, we cannot deduce from their indica- 
tions the true temperature of the stratum of air in which the 
radiating body was plunged. 

In fact, our thermometers with metallic armatures in contact 
with any substance being compared with a thermometer of the 
same nature isolated in its conical vessel, have indicated to us 
degrees of cooling very much inferior to those resulting from the 
experiments of Wells; and nevertheless the recipients which 
surrounded these thermometers increased by reflexion and by 
the calm of the enclosed air, the radiation of the bodies towards 
the sky. If these recipients be taken away, the differences of — 
temperature become still less, as results clearly from the follow- 
ing series of observations :— 


iii i st 4:6 
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Temperatures 


Name of radiating body. .|————————7,________ | Differences. 
Of the body. | Of the air. 


The emissive power of lamp-black, which has shown itself 
here, as elsewhere, to be one of the most radiating bodies, has 
been afterwards measured under many other circumstances ; for 
to each apparatus used in the experiments were added always a 
couple of free thermometers, one with metallic armature, the 
other with blackened armature ; and the difference between these 
two instruments never surpassed 1°-8, whatever were the clear- 
ness of the sky and the calm of the atmosphere. 

There are nevertheless cases where a body freely suspended 
may fall 4° or 5° below the temperature of the surrounding air. 
In fact, the temperature of a thermometer enveloped in wool or 
cotton* is always more or less inferior to that of a blackened 
thermometer. But this excess of cold by no means results from 
a superiority of emissive power in wool or cotton above that of 
lamp-black ; and to convince ourselves of this, it is sufficient to 
compare the effects of different thermometers clothed with tufts 
of cotton or wool more or less compact, and with tissues more 
or less fine and hairy, of the same substances uncoloured. 

In the following table will be found collected the experimental 
data necessary for making these comparisons :— 


Depression below the temperature 
of surrounding air. 
Envelope of thermometer. 
First Second Third 


series. series. series. 
Cotton, carded and loose, 6 centimetres in diameter, \ 3:8 45 47 
including the reservoir of the thermometer...... j 
The same quantity of cotton reduced to 2 eanail 2-9 34 3-7 
metres, with six rounds of cotton thread......... 
Cotton cloth, commonly called fustianserereereeess-| 25 3:2 2-9 
Fine cloth of cotton doubled ............csceseeeseesseeees 1-9 2:2 24 
Wool, carded and loose, 6 centimetres in diameter, 3:1 36 3:8 
including the bulb of the thermometer............ 
he sawe quantity of wool reduced to 2 centimetres, } 2:5 3-0 3-2 
with six turns of woollen thread. ....44...scsscs008 
Thick flannel ....,........ ne sera 2-0 23 25 
PANEY HAUTE LS eee, hel era al 6 Wr Doe 18 2-1 23 


* “Carton” in the French—evidently misprint for “ coton,” 


472 MELLONION THE, NOCTURNAL COOLING OF BODIES. 


Thus; between the limits of these observations the cold becomes 
greater in proportion as the cotton and wool which envelope the 
thermometer become less dense and more voluminous. Now if 
the action increases in proportion as the matter is less. dense, 
the cause of the excess of cold observed evidently does not lie in 
the emissive or radiating power of this matter. Whence arises 
then the frigorific superiority of wool and of cotton compared to 
lamp-black? . The solution of the question, will become simpler 
if. we examine the different circumstances which concur in the 
formation of the dew in meadows. 

And, entering now on the investigation of this interesting 
phenomenon, let.us in the first place call to mind that the grass 
and kinds of earth and sawdust introduced into our open vessels 
were cooled nearly as much as lamp-black in powder, and that 
a free thermometer coated with this latter substance does not 
descend more than 1°°8. below the temperature of the air. 

But, if we wish to assure ourselves directly that nocturnal 
radiation lowers the temperature of the vegetables which cover 
the: soil, we have only to, place, during calm and. clear nights, 
one, of our, thermometers supported, by its. metallic: tripod, in 
contact. with the under surface of the grass or leaves of any 
plant; for if the instrument be then observed, it, will, be con- 
stantly found lower than a thermometer with metallic armature 
freely suspended alongside of it in the same horizontal stratum 
of the atmosphere... But the difference between the two thermo- 
meters will never exceed 2°, whatever be the vigour and isolation 
of the plant. And the feebleness of the action manifested must 
not be attributed to the small mass of the leaf compared to: the 
mass of the apparatus; for thermometers of very small size may 
be employed, of cylindrical or spherical. form, of greater or less 
degrees of thinness or flattening, without any sensible variation 
of the final temperature indicated, although the calorific equili- 
brium,is the more speedily established the smaller the reservoir 
of the thermometer, as might be easily foreseen. » Now this fact, 
whilst. completely removing all doubts of the truth of Wells’ 
_pvinciple as to the nocturnal. radiation. of bodies, leads neces- 
sarily, to the consideration of the theory of dew under a different 
aspect to that generally taken by writers on physics. 

In order to incur no error by general allusions, let us take a 
particular example chosen from one of the best modern treatises. 
In the last. edition of the Traité de Physique of M. Pouillet 
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we read the following :—“ For dew, it is sufficient to remark, 
that the temperature of the air being, for example, 15° at a cer- 
tain period of the night, there will be bodies at 14°, others at 13°, 
and the most radiating will even be at 7° and 6° or 5°, if suitably 
situated.. Then if the air is very moist, that is if the dew-point 
is near 15°, nearly all the bodies will have dew upon them, the 
warmest in small quantity, and the colder in greater proportion. 
If the air is less humid, if, suppose, the dew-point is at 10°, 
those bodies which are higher than 10° will remain dry, those 
at less than 10° will be more or less covered with dew. Lastly, 
if the air is extremely dry, if the dew-point is below 5°, all the 
bodies will remain dry, the coldest as well as the warmest.” 
After the experiments and considerations preceding, it does not 
appear to me to be any longer allowable to say that plants and 
bodies ordinarily moistened by dew are cooled 8° and 10° below 
the temperature of the air. The observations of Wells, Wilson 
and’ Pouillet are accurate, and certain bodies placed near the 
surface of the earth may indeed descend 8° or 10° below a 
thermometer situated at'a height of 4 or 5 feet; but we cannot 
conclude from these observations that the differences obtained 
indicate the depression of temperature of the radiating body 
below the medium in which it is plunged; for the nocturnal 
_ cold of vegetable leaves, as we have just said, does not exceed 
the 2° of the Centigrade thermometer, and is therefore four or 
five times less than the cold admitted in works on physics and 
_ meteorology. 

_ This great reduction in the difference of temperature between 
the air and the radiating bodies by no means implies that the 
principle of the condensation of atmospheric vapour in conse- 
quence of simple nocturnal radiations is erroneous ; and to prove 
it, the following observation of Saussure is sufficient, which I 
have several times had occasion to verify in the course of my 
_ mumerous researches. When the dew begins to appear, the 
hair-hygrometer introduced into the stratum of air contiguous to 
the soil marks from 90° to 98°. Hence the surrounding space 
is very nearly in a state of saturation; consequently it is not 
necessary that plants and bodies of all kinds situated near the 
surface of the earth should attain any very great degree of cold 
in order to precipitate the aqueous vapour; but the cooling of 
1° or 2°, acquired by plants under the influence of a clear sky, 
feeble as it is compared to the 8° or 10° hitherto supposed, will 


474 MELLONI ON THE NOCTURNAL COOLING OF BODIES. 


suffice to condense on the leaves a portion of the elastic and in- 
visible vapour which pervades the surrounding air. BHR 

It must be added, that the hypothesis of cooling from 1° to 10° 
according to the position of the body, leads directly to the con- 
sequence admitted by M. Pouillet himself, namely, that in many 
cases where the atmospheric moisture is but little, certain plants 
ought to be covered with dew, and others preserve their habitual 
state of dryness; and those who have had occasion to cross the 
fields when the sun is below the horizon will no doubt have re- 
marked that there is absolutely no dew, or else it is found distri- 
buted in nearly equal proportions on all low plants, whatever be 
the position of their leaves with regard to the sky. Now the 
fact of an absolute absence of dew, or of its general diffusion in 
a series of surfaces situated at all sorts of inclinations, indicates 
clearly that the hypothesis of an extreme humidity of the air is 
the only one which has place in nature when there is a formation 
of dew. And the cause of this fact, which results so evidently 
from the presence of dew on all low plants, as well as from hy- 
grometric observations, is connected, if I am not mistaken, with 
another fact, which has long been known to philosophers, but 
which has hitherto remained isolated in science, in spite of its 
great importance in phenomena of nocturnal radiation. 

Wilson was the first to show that the effect of the radiation 
of bodies towards the sky is sensibly the same at all temperatures ; 
so that in nights equally calm and serene, the same substance is 
always cooled to the same extent whatever may be the tempera- 
ture of the atmosphere. 

Snow, for instance, would, according to the experiments of 
Parry and of Scoresby, be cooled by about 9°, when the tem- 
perature of the air descends to —1°, or to —2°, or to —21°, or 
to —22°; so that the bulb of a thermometer introduced into the 
first layer of the snow-mantle which covers the soil of the north- 
ern regions during the greatest part of the year would mark 
—10° or —11° in the first case, and —30° or —31° in the second. 
I have never as yet found myself in circumstances favourable tothe 
verification of the observations of these two celebrated navigators; 
but I have been able to convince myself of the truth of the prin- 
ciple of Wilson, by experimenting with thermometers surrounded 
with radiating substances, in the same manner as M. Pouillet 
has done. Nevertheless as the mean values obtained by me do 
not comprise so extended a range of temperature as that em- 
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braced by the beautiful experiments of M. Pouillet, I shall bring 
forward his series of observations, which will serve us as a 
starting-point in conceiving clearly how it happens that the 
stratum of air situated near the earth’s surface always descends 
nearly to the point of greatest moisture before the dew begins 
to appear. 

These observations, inserted at page 610 of the second volume 
of his Traité de Physique (4th edition), have reference to the 
cold produced by the radiation of swansdown, suitably isolated 
by means of an apparatus which the author designates by the 
name of actinometer. 

Putting aside everything superfluous to the object with which 
we are at present occupied, we shall have the two reduced tables 
here placed by the side of each other :— 


Table of Nocturnal Cooling under different Temperatures 


of the Air. 
e [e8| x Be ea log 
| =e) oO s 2 3 3 
cee, Hours. Ea 5 3 S i tnd Hours. 5d 5 3 5 
tion. ER fs PS tion. eS fs g 
Biden |e Bil lee coil 
co} i-) 
hm ° ° ° .| bh m ° ° ° 
April 11.) 5 30 a.m.) 5:0,—3:0 8-0 May 5.5 0 p.m.) 25°5 | 19-9 5-6 
11.) 6 Oam.| 5:°5|/—2:3] 7:8 5.) 6 Ovp.m.| 25°1 | 17:5 76 
14.|7 Op.m.| 8:5|—0°8} 7:7 5.) 7 Ovo.) 231 | 15-0 8-1 
14.|8 Opm™. 7-0|—0°5 75 5.) 8 0 e.m.| 22:9 | 13-9 9-0 
14.) 9 Op.m]| 5:8)—1-6] 7:4 5.19 Ovpm.| 21-5 | 12:5 9-0 
14,10 0 p.m.) 5:0)—2-4| 7:4 5.110 0 pm.| 17:5 | 10:0 75 
15.| 430 a.m.| 1:00—6:0] 7:0 6.) 4 Oa.m.| 12-1 5-0 7) 
15.\5 Oam.| 1:0,—6:0} 7:0 6.| 430 a.m.| 12-1 5:0 71 
15.16 Oa.m.) 16,—5-2] 6-8 6.) 5 Oa.m.} 12-0 6-0 6-0 
: 20.|8 Op.m.| 5-6\—0:8| 64]|| June 23.) 7 0 p.m.| 20-0 | 12:0 8-0 
20.19 Op.m.| 4:5)-2:°0) 6:5 23.1 8 Op.m.| 17°8 | 10-5 73 
RI E 3-6,—3-°0| 66 23.| 9 O p.m.) 17-6 | 10-7 69 
, 0:0|—7-0 70 23.110 0 p.m.| 16:3 92 7] 
0-:0,—7:0| 7:0 24.4 Oa.) 11-3 ek 6:0 
0 1-65 66 24) 430a.ml/ 115 | 56 | 5-9 
§4°2) 52-5 |106°7 266-3 {158-1 (108-2 
3:6} 3°5|-7-D)|| .Meansieciil.cs.e.e. 17-75 | 10:54] 7-21 


_ The data contained in these two tables prove that swansdown 
is cooled about 7° (mean value) under the nocturnal influence of 
a clear sky, whether the temperature of the air fall to nearly 
zero or rise to 20° or more degrees. 

It is almost needless to add, that the observations of M. 
Pouillet, and the determination by Parry and Scoresby of the 
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nocturnal cooling of snow, have been obtained by a method 
which we believe to be inaccurate, in consequence of the unequal 
circumstances in which the thermometers used to measure the 
temperatures of the air and of the radiating bodies were placed. 
If properly measured, the cooling of the snow and of the swans- 
down would certainly be less; but it matters little what the 
absolute value is here, since we are only considering the con- 
stancy of the effect under variations of atmospheric temperature. 

The results which we have announced prove therefore the truth 
of the proposition above asserted, namely, that a body exposed 
during the night to the influence of a sky of equal clearness and 
calmness is always cooled to the same extent, whatever may be 
the temperature of the air. 

This fact alone, thoroughly established by experiment, will 
lead us to a clear and complete explanation of all the phano- 
mena which precede and accompany the formation of dew. 


Al7 


ARTICLE XIII. 


On the Excitation and Action of Diamagnetism according to the 
Laws of Induced Currents. By Prof. W. WEBER*. 


[From Poggendorff’s Annalen, Jan. 7, 1848.] 


THE repulsion of bismuth by a magnet, first observed by Brug- 
mans in 1778, had remained almost unknown until Faraday dis- 
covered it anew and examined it more carefully, and thus laid the 
foundation for the new doctrine of diamagnetism, the further 
development of which has become an important physical pro- 
blem. To solve this question little can be expected from the 
more delicate processes of measurement, owing to the feebleness 
of the diamagnetic forces of bodies, even when very powerful 
electro-magnets act upon them, and it is therefore the more to 
be expected that we shall become acquainted with the nature of 
diamagnetism from the various modifications of its effects, the 
discovery of which is possible even in the case of the most feeble 
forces. The object of the following experiments is to establish 
with greater certainty and precision, from some peculiar modi- 
fications of the diamagnetic effects, a hypothesis already ad- 
vanced by Faraday to explain the diamagnetic phenomena, and 
then to deduce this hypothesis required for the explanation of 
diamagnetic phznomena from known laws. 


Diamagnetic bismuth repels both the north and south pole of 
_amagnet, and is repelled by them. This indifferent repulsion 
of opposite poles might appear of little importance if the origin 
of the magnetic force were to be sought for in the unvarying 
metallic particles of the bismuth itself; for we are accustomed to 
assume generally of the ponderable bodies that they oppose 
without distinction equal resistance to the movements both of 
the two opposite magnetic as well as of the two electric fluids. 
But the action at a distance might appear more surprising than 
this indifferent effect, were we to admit that the diamagnetic 
force has its origin in the unvarying metallic particles of the 
bismuth itself, because it would be the first case in which the 
action of a ponderable upon an imponderable body at a distance 
had been observed. It appears therefore above all things im- 


* Translated by W. Francis, Ph.D., F.L.S. 
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portant to decide the question, whether the source of the dia- 
magnetic force acting at a distance is to be found in the unvarying 
ponderable constituents of bodies, or whether it arises from an 
imponderable constituent, and is connected with a certain distri- 
bution thereof. 

To decide this question the experiment made by M. Reich* 
is of the highest importance, according to which both north and 
south poles, when they act at the same time on the same side 
of a piece of bismuth, by no means repel it with the sum of 
the forces which they would individually exert, but only with 
the difference of these forces. 

From this single experiment it might be concluded with the 
greatest probability, that the origin of the diamagnetic force is 
not to be sought for in the never-changing metallic particles 
of the bismuth, but in an imponderable constituent moving be- 
tween them, which, on the approach of the pole of a magnet, is 
displaced and distributed differently according to the difference 
of this pole. The origin of the diamagnetic force is thus placed 
in the reciprocal action of two imponderable bodies, instead of 
in the reciprocal action between ponderable and imponderable 
bodies at a distance; and the similar effect upon opposite poles 
is then explained by the different distribution of the impon- 
derable constituent in the bismuth which is produced by the 
antithesis of the poles. The simultaneous approach of two oppo- 
site poles on the same side must however have for result, that 
the imponderable constituent in the bismuth can neither assume 
the one or the other distribution upon which depends the ap- 
pearance of the diamagnetic force, whence the disappearance of 
the diamagnetic force in this case is self-evident. 

But if it be now further asked, what is the nature of the im- 
ponderable constituent which is distributed in such a different 
manner in the bismuth on the approach of a north or south pole, 
and then with this distribution constantly re-acts with a repul- 
sive force upon the approached pole, there present themselves 
only the two magnetic fluids, or the two electric fluids in the 
form of molecular currents. At all events, before any other 
assumption can appear admissible, the impossibility of explain- 
ing the phenomena in question by the known relations of the 
above imponderables must be shown. 

From this it will be seen that Reich’s experiment may be 

* Philosophical Magazine for February 1849, p. 127, 
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employed to establish more firmly a view already advanced by 
Faraday (Experimental Researches, Art. 2429, 2430). Faraday 
there states that “'Theoretically, an explanation of the movements 
of the diamagnetic bodies, and all the dynamic phenomena conse- 
quent upon the actions of magnets on them, might be offered in the 
supposition that magnetic induction caused in them a contrary 
state to that which it produced in magnetic matter ; 7. e. that if 
a particle of each kind of matter were placed in the magnetic 
field both would become magnetic, and each would have its 
axis parallel to the resultant of magnetic force passing through 
it; but the particle of magnetic matter would have its north and 
south poles opposite, or facing towards the contrary poles of the 
inducing magnet, whereas with the diamagnetic particles the 
reverse would be the case; and hence would result approxima- 
tion in the one substance, recession in the other. 

* Upon Ampére’s theory, this view would be equivalent to the 
supposition, that as currents are induced in iron and magnetics 
parallel to those existing in the inducing magnet or battery wire; 
so in bismuth, heavy glass and diamagnetic bodies, the currents 
induced are in the contrary direction. This would make the 
currents in diamagnetics the same in direction as those which 
are induced in diamagnetic conductors at the commencement of 
the inducing current ; and those in magnetic bodies the same as 
those produced at the cessation of the same inducing current. 
No difficulty would occur as respects non-conducting magnetic 
and diamagnetic substances, because the hypothetical currents 
are supposed to exist not in the mass, but round the particles 
of the matter.” 

I shall now submit this ingenious view, first proposed by 
Faraday, and which has obtained greater probability from Reich’s 
experiment, to a still more direct criticism by the following ex- 
periments, which, in my opinion, scarcely leave a doubt of its 
correctness. 

All the diamagnetic forces hitherto observed have exhibited a 
repulsive, never an attractive action; but from Faraday’s assump- 
tion, it follows that diamagnetic forces must likewise occur which 
act attractively upon the pole of a magnet, and such cases may 
easily be determined more accurately and tested by experiment. 

But for this purpose we must not observe the force which 
the diamagnetic bismuth exerts upon that pole by which it has 
been rendered diamagnetic, but those forces which this bismuth 
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exerts upon other magnet-poles at a distance, and which have 
no influence upon its diamagnetic condition. 3 

Now if a piece of bismuth is placed in the plane which is bi- 
sected at right angles by a small magnet-needle suspended by a 
silk thread and symmetrically magnetized, it is evident that the 
poles of the small needle can have no influence, or at least no 
perceptible influence, upon the diamagnetic state of the distant 
piece of bismuth, according to Reich’s experiment. In fact it 
is easily seen that the needle experiences not the slightest deflec- 
tion by the bismuth. 

But if we arrange a powerful horse-shoe magnet of iron, so 
that the locality previously occupied by the bismuth is situated 
in the free space between its two poles, and the magnet is at the 
same time brought into such a position that its magnetic axis 
prolonged bisects the needle, this powerful magnet will exert a 
very great momentum of rotation upon the needle. But if this 
rotatory action exerted by the horse-shoe magnet is compen- 
sated by another equally powerful but opposite rotatory action 
of a bar-magnet brought to bear upon the needle from the op- 
posite side, we can cause the needle to re-assume its original posi- 
tion and its original vibratory power (sensitiveness), so that with 
respect to the needle it is just the same as if no magnet acted 
upon it. 

Now if, after these preliminary arrangements, the same piece 
of bismuth which previously had no action upon the needle is 
brought to the same position as before, 7.e. between the two 
poles of the horse-shoe magnet, a very perceptible and measurable 
effect is exhibited, viz. a deflection of the needle, owing to one 
pole being repelled and the other attracted. 

If the poles of the magnets, the effects of which upon the 
needle are compensated, be reversed, and the experiment re- 
peated, it is found that the same piece of bismuth brought to 
the same spot and in the very same position, now produces ex- 
actly the opposite deflection. 

If, lastly, a piece of iron is substituted for the bismuth, it is 
found that the deflection produced by the latter is the opposite 
of that produced by the former. 

These experiments may be variously modified, but in every 
case the force of the bismuth must be observed upon other mag- 
net-poles than that which determines the diamagnetic condition 
of the bismuth; they all confirm the assertion that bismuth 
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‘constantly acts upon such poles in an opposite manner. to iron 
in its place, that it consequently repels where iron attracts, 
and attracts where iron repels; in short, that at other magnet- 
poles than that which diamagnetizes the bismuth, we as fre- 
‘quently observe attractive as repulsive forces of the bismuth. 
For instance, if the one extremity of the bar of bismuth was 
brought near the north end of a powerful magnet, while its other 
extremity was approached to the north end of the magnet-needle, 
the latter was attracted; but if the same extremity of the bar of 
bismuth was brought near to the south end of the powerful 
magnet, the north end of the magnet-needle was repelled by the 
other extremity of the bar of bismuth approached to it. 

We may hence regard Faraday’s supposition as proved, at 
least in so far asit places the origin of the diamagnetic force, not 
in the unvarying metallic particles of the bismuth itself, but in 
a variable distribution which occurs in the bismuth, and acts 
upon other magnets in the same manner as a definite distribu- 
tion of magnetic fluids. 

In ey lastly, to remove every doubt as to its being really 
nothing else than the magnetic fluids, or their equivalent, Am- 
pere’s currents, which are subject to this variable distribution in 
the bismuth, it may be required to be shown by experiment, not 
merely that the effects connected with the presence of the.dia- 
‘magnetic and of a certain magnetic state are equal, but likewise 

that the effects connected with the origin of the two states are so. 
It is well known that, according to the laws of induction 


“discovered by Faraday, the motion of the magnetic fluids in a 


‘body, or the rotation of the molecular currents of Ampére, is 
‘connected with an electrical action at a distance, upon neigh- 
bouring conductors, owing to which an electric current is ex- 
cited or induced in the later 
~ Consequently, if the two magnetic fluids, or their equivalents, 
‘Ampére’s currents, are really present in the diamagnetic bodies, 
which are set in motion or rotated under the influence. of a 
powerful magnet, they must induce an electric current in.a 
neighbouring conductor at the moment this change takes place. 
Now to observe this induced current itself, it is requisite that 
‘no other current be induced in the same conductor, for instance 
by the powerful magnet to which the bar of bismuth is ap- 
proached. For this purpose therefore the force of this magnet 
‘must be retained unaltered during the experiment, which pre- 
VOL. V. PART XIX. 2K 
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supposes in an electro-magnet a constant galvanic current. But 
on, the ,other hand, the conductor upon, which the) bismuth 
is to act must have a fixed immutable position to, that magnet, 
so that it incloses the space in an annular form, im which the 
bar of bismuth has to be brought in order to produce in it the 
diamagnetic, distribution by the influence of the magnet... That, 
lastly, the current, induced by the bismuth can be observed. by 
continuing the two extremities of the above annular conductor, 
and connecting them with the ends of the multiplier of a sensi- 
tive galvanometer, requires no further explanation. 

But with respect to the power of this current induced, by the 
bar of bismuth, it may readily be estimated a priori, how small 
it, will be if we consider, how feeble the diamagnetic forces are in 
comparison to the magnetic forces of the iron substituted for the 
bismuth, On further examination, it results that the induced cur- 
rent must be so feeble that it can no longer be observed if all the 
conditions do not act together most favourably for the object. 

The following arrangements were made.to attain this, end, viz. 
to induce galvanic currents.in a neighbouring, conductor by the 
diamagnetization of the bismuth, and thus actually to observe the 
induced currents. An iron nucleus 600 millimetres in length, 
coated several times with thick copper wire, was used as electro- 
magnet. To the circular terminal surface, 50 millimetres in 
diameter, of this iron nucleus was fixed the annular conductor, 
which consisted of copper wire 300 metres long and 2 millimetres 
thick, well spun with silk, and coiled upon wooden cylinders, 
The space included in this annular conductor, in which the bar 
of bismuth was to be placed, was 140 millimetres in length and 
15 millimetres in breadth; the bar of pure precipitated bismuth 
was somewhat thinner. The extremities of the annular con- 
ductor were connected with a commutator, as were also the 
extremities of the multiplier of a very sensitive galvanometer, 
the magnet-needle of which was provided with a mirror in which 
the image of the distant scale was observed by a telescope di- 
rected towards it. The galvanometer was moreover provided 
with so effective a damper that it was scarcely possible to ob- 
serve any vibration of the needle. 

Now whilst a very powerful and constant galvanic current — 
passed through the thick wire of the electro-magnet, the bar of i 
bismuth was withdrawn from the annular conductor in which it | 
was situated, the commutator changed, and the bar of bismuth — 


~~ 
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again inserted, the commutator again changed, and the bar 
of bismuth withdrawn, &c. During this experiment, con- 
tinued for about 1 minute, the state of the galvanometer was read 
off at intervals of about 10 seconds. 

A second series of experiments was now made, but with this — 
difference, that the commutator assumed that position on with- 
drawing the bar of bismuth which it had occupied in the first 
series on inserting the bismuth, and vice versd. 

‘The third series was an accurate repetition of the first, and so 
forth. 

Previous to commencing each series the state of the galvano- 
meter was observed, without however waiting until the needle 
had attained a perfect state of rest. Hach series was begun by 
withdrawing the bismuth. 

Tn the following table the whole of the readings made on the 
galvanometer are arranged together. The different series are 
distinguished by Roman numbers ; the two states of the com- 
mutator which occurred in the different series on the‘withdrawal 
of the bar of bismuth are distinguished in the heading by A and 
B. The state of the galvanometer before commencing each 
series is also noticed in the heading. 


1d et Ld A eC) Na ie 6 Viocaen|® Velcade: |? V lle ae 
517°4 515-9 517-2 517°0 523-0 524°7 


——_————__$—$ | | | Sf 


514:02 | 518°72 | 517°04 | 522-00 | 519-90 | 528-87 


; ep if we compare the states of the galvanometer in the odd 
alternate series, where the commutator occupied the position A 
on withdrawing the bismuth from the annular conductor, with 
the mean. Pigs: in the bottom-line, it is seen that the latter is 
always somewhat greater. For instance, the mean yalues are— 


. Series 514°92=512°3 + 2°62 
jo) 5 YS*72=—515°9+ 2°82 
3 §22:00=517'0+ 5°00 
a) B2BB7 = 5247-4417 


Taw 
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The same comparison yields for the even series, where the 
commutator occupied the position Bon removing the bismuth 
from the annular conductor, always a somewhat smaller mean 

value. 
2. Series 514:02=517:-4—3:38 
4, ,, 517°04=517:2—0°16 
6. ,,,._ 519°90=523'0—3'10 


It should be borne in mind that the state of the galvanometer 
observed before the commencement. of each series was not, ex- 
actly that of rest. To avoid the uncertainty arising from this, 
the reading made previous to each series may be wholly excluded 
from the calculation, and the comparison restricted to the mean 
values of the several series. The comparison of the mean value 
of the 2nd to the 6th series, with the mean from the immediately 
preceding and succeeding series, then gives the. following re- 
sults :— 

2. Series | 514*02 =516°82—2°80 
3. orli9) -518°72—515:53 +.3°19 
Aig js 9y0) 519104 520°36—3'732 
5. gy) 1 &22°00= 518747 +3°53 
6. 5,5. 619°90=525:43 —5:53 

We see then also from this, that in the uneven series; in which 
the commutator occupied the position A while the bismuth was 
withdrawn from the annular conductor, the state of the gal- 
vanometer was constantly somewhat higher, and that the reverse 
occurred in the even series in which the commutator had the 
position B on the removal of the bar of bismuth. The dif- 
ferences are somewhat greater for the last than for the first series, 


which is easily explained from the change of induction being — 


gradually accelerated. 

Corresponding experiments were now made for the purpose 
of direct comparison, the bar of bismuth bemg exchanged for a 
slender bar of iron. ‘The induced current was then so powerful 
that no repetition could be made as in the case of the bismuth, 
and that only the extreme end of the iron bar could be inserted — 
in the annular conductor. And even then the induced current 
was so powerful that the deviation of the needle could not be — 
observed on the galvanometer, but merely the direction, whether — 
the position of the galvanometer rose, z.e. went from lower to — 
higher divisions of the scale, or the reverse. 
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First Experiment. 
Position of the commutator A. 


Increasing numbers on inserting the iron bar in the annular 
conductor. 

Decreasing numbers on withdrawing the iron bar from the 
annular conductor. 


Second Experiment. 


Position of the commutator B. 

Decreasing numbers on inserting the iron bar in the annular 
conductor. . 

Increasing numbers ou removing the iron bar from the annular 
conductor. 

The position of the commutator A, and the case in which the 
iron bar was removed from the annular conductor, for which 
consequently a decrease in the deflection of the galvanometer was 
observed, will serve to compare this experiment made with iron 
with the former relative to bismuth. In the above experiments 
with the bismuth, this case corresponds to the uneven series, for 
which a higher state of the galvanometer resulted with the in- 
duction continued in the same direction. It results conse- 
quently that the bismuth induced a positive current under the 
same, conditions that iron induced a negative one, and vice versa. 

Hence the induction of electric currents. by the diamagne- 
tization of the bismuth is, proved; and it is at the same time 
evident that the direction of these currents is constantly the 
reverse of those induced by iron under the same circumstances, 
precisely as it should be if bismuth contained magnetic fluids or 
their equivalent, Ampére’s currents, which are set in motion or 
rotated under the influence of powerful magnets in exactly an 
opposite direction to that in iron. The view advanced by Fara- 
day appears therefore to be placed beyond all doubt. 

_ Now although a rule has been found, according to which the 
variable diamagnetic conditions of bodies are determined for all 
eases in’ such a manner that. the collective effects appear as a 
necessary consequence according to magnetic and electro-dyna- 
mic laws, the cause of this rule remains still unknown and unex- 
plained according to magnetic and electro-dynamic laws. For 
if magnetic fluids, are really contained in the diamagnetic bodies, 
on the approach of a magnet-pole, the one fluid must be at- 
tracted, the other repelled; and the direction of the separation 


¢ 


486 WEBER ON THE NATURE OF DIAMAGNETISMs 


of the two fluids is, according to this, necessarily determimed by 
magnetic laws... But this direction is exactly the reverse of that 
stated-in the above rule. Exactly the same, however, obtains 
upon the other assumption, which presupposes the existence of 
Ampére’s molecular currents in diamagnetic: bodies, instead: of 
the magnetic fluids, which on the approach ofa pole of a magnet 
should be rotated in a direction determined by electro-magnetic 
laws. But this rotation is exactly the reverse of that indicated 
by the above rule. There exists consequently a contradiction 
between the above rule of excitation and the laws of the activily 
of the diamagnetic. condition: Until this’ contradiction 1s\ re- 
moved; all the diamagnetic conditions of bodies continue to form 
a group of isolated facts without any connection with other phe- 
nomena; just as those of rotation-magnetism formed a:similar 
group until Faraday gave the key to their solution by his dis~ 
covery of induction. 

In the preceding observations which referred to the effects, it 
was indifferent whether separate magnetic fluids or Ampeére’s 
molecular currents of the same direction constitute the excited 
diamagnetic state of bodies. This is no longer the case in the 
following considerations which relate: to the causes, i.e: to the 
forces exciting the diamagnetic state of bodies. » For if it werea 
certain distribution of the magnetic fluids which constituted the 
diamagnetic condition of bodies, no account, as above shown, 
could be given of the forces producing them, at least this distri- 
bution could not be explained from the known magnetic forces 
which act upon these fluids. But the case is differentif the dia= 
magnetic condition of bodies is constituted by molecular currents 
of like direction ; for a system of molecular currents of like di+ 
rection can obtain in a two-fold manner. © In the irst'place, it is’ 
possible that the molecular currents existed previously in the: 
bodies, and that only one foree acted upon these already existing 
currents which communicated the same direction ‘to thems but, 
secondly, it is also possible that the currents of like direction; 
which form the diamagnetic condition of bodies, did not) pre-'— 
viously exist, but first originated or were induced on diamagne- 
tizing the body. Now if one of these two possible cases falls to 
the ground for the same reasons as that of the above considered — 
distribution of magnetic fluids, the other possible case for the’ 
molecular currents still remains, according to which they have’ 
been produced by induction. 


Mir - 
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- Hitherto it has never been a question of induced molecular 
currents, but solely of ‘fixed invariable molecular currents, ac- 
cording to Ampére’s definition, to whom indeed the origin of 
currents by induction was unknown. But it is evident if the 
existence of molecular currents be admitted, we must further 
allow that their intensity may be increased or diminished, and 
that even new currents‘of this kind may be produced by the very 
forces which produce currents in larger circuits. 

If we go back to induction in order to explain diamagnetism, 
it might at first sight be doubted whether it is really necessary 
to admitiinduced molecular currents for this purpose, or whether 
the currents induced in large circuits are not of themselves suffi- 
cient. These currents would, it is true, be able to produce all 
diamagnetic phenomena if they were permanent; but as these 
currents, which are subject to Ohm’s laws, are not’ permanent, 
but instantly disappear with the inducing force, and can only: be 
maintained by continued induction, they can for this reason alone 
not serve to explain diamagnetism. 1 

» But if the rapid disappeiranbe of these currents is the siole 
reason of its being impossible to deduce thence the diamagnetic 
condition of bodies, there appears to be no reason why the per- 
sistent, diamagnetic state of bodies should net be ascribed to 
induced molecular currents, as these must behave in all other 
respects like those currents, and differ only in) possessing that 
permanency which is wanting in the others... For the dif- 
ference between those currents which move through conductors in 
large circuits and these molecular currents, consists solely in the 
circumstance that the circulating electricity of the former is so 
quickly deprived of its active force in passing to the molecules 
of the conductor, that it would come to rest in an immeasurably 
small time if the loss it sustained were not constantly replaced 
by continuous electro-motive forces, whence it results, that cur- 
rents of this kind are, according to the laws of Ohm, constantly 
proportional to the existing electro-motive force, and) instantly 
disappear with the electro-motive force..The reverse applies to 
the molecular currents which donot. pass through a conductor 
from molecule to molecule, but circulate around a single mole- 
cule; to which consequently the above reason, deprivation of 
their active force, does not apply. These currents therefore 
persist of equal intensity without any electro-motive force. 

Now admitting an inducing, force which acts upon. the elec- 
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tricity of a conductor, the latter is set in motion, and this mo- 
tion distributes itself according to laws in proportion to the 
capacity for conduction between all the paths which the con- 
ductor presents; consequently a portion of the motion must 
likewise take its course around the individual molecules of the 
conductor, and form induced molecular currents, which because 
they find no resistance in their course around the molecules, by 
which they might be retarded, must continue in their full strength 
until, in consequence of a new opposite induction, other in- 
duced molecular currents are added which neutralize the previous 
ones. 

If therefore, with Ampére, we admit molecular currents in the 
doctrine of electro-magnetism, we must at present, as a neces- 
sary consequence, after the discovery of induction, adopt induced 
molecular currents in the doctrine of magneto-electricity, and 
must ascribe permanence to all, whether they have always ex- 
isted or been first produced by induction. Assuming this, it 
results that all bodies in which diamagnetic effects have been 
observed, must have been acted upon by forces which must have 
induced molecular currents, and indeed such as produce the 
effects designated by the name of diamagnetic. 

The latter follows from the fact, that a magnetic force tends to 
give such a direction to an ewisting current that its course is ex- 
actly opposed to that of a current induced by the increase of that 
magnetic force. Consequently, if this induced current is a mole- 


cular current which is persistent, it will likewise have permanently — 


the opposite effects of another molecular current which existed 
(for instance in iron) independently of the increase of that mag- 


netic force, but has acquired its present direction by means of — 
that force. The opposite behaviour of the diamagnetized bis- — 
muth and of the magnetized iron follows ecourdgasl to this from ; 
known laws. The essential difference between =item and — 
iron would then be this, that molecular currents, whose direc- 


tion however is not unalterable, exist in iron independently of 
any external excitation, but subject to the influence of external — 
forces, which is not the case in bismuth. However, bismuth and 
iron may in so far be rendered equivalent as a decreasing or in-— 
creasing magnetic force induces in both fresh persistent molecu- 
lar currents, reali however must be much weaker in the iron than — 
those existing in it already, independently of such induction. 
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ARTICLE XIV. 


On the Measurement of Electro-dynamic Forces. 
By W. Weser. 


[From Poggendorff’s Annalen, vol. Ixxiii. p. 193, January 1848. ] 


A QUARTER of a century has elapsed since Ampére laid the 
foundation of electro-dynamics, a science which was to bring 
the laws of magnetism and electro-magnetism into their true 
connexion and refer them to a fundamental principle, as has 
been effected with Kepler’s laws by Newton’s theory of gravita- 
tion. Butif we compare the further development which electro- 
dynamics have received with that of Newton’s theory of gravita- 
tion, we find a great difference in the fertility of these two fun- 
damental principles. Newton’s theory of gravitation has become 
the source of innumerable new researches in astronomy, by the 
splendid results of which all doubt and obscurity regarding the 
final principle of this science have been removed. Ampére’s 
electro-dynamics have not led to any such result; it may rather 
be considered, that all the advances which have since been 
really made have been obtained independently of Ampére’s 
theory,—as for instance the discovery of induction and its laws 
by Faraday. If the fundamental principle of electro-dynamics, 
like the law of gravitation, be a true law of nature, we might: 
suppose that it would have proved serviceable as a guide to the 
discovery and investigation of the different classes of natural phze- 
nomena which are dependent upon or are connected with it; 
but if this principle is not a law of nature, we should expect that, 
considering its great interest and the manifold activity which 
during the space of the last twenty-five years that peculiar branch 
VOL. V. PART Xx. 21 
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of natural philosophy has experienced, it would have long since 
been disproved. The reason why neither the one nor the other | 
has been effected, depends upon the fact, that in the development 
of electro-dynamics no such combination of observation with | 
theory has occurred as in that of the general theory of gravita- 
tion. Ampére, who was rather a theorist than an experimenter, 
very ingeniously applied the most trivial experimental results to 
his system, and refined this to such an extent, that the crude ob- 
servations immediately concerned no longer appeared tohave any 
direct relation to it. Electro-dynamics, whether for their more 
secure foundation and extension, or for their refutation, require a 
more perfect method of observing; and in the comparison of 
theory with experiment, demand that we should be able accu- 
rately to examine the more special points in question, so as to 
provide a proper organ for what might be termed the spirit of 
theory in the observations, without the development of which 
no unfolding of its powers is possible. 

The following experiments will show that a more elaborate 
method of making electro-dynamic observations is not only of 
importance and consideration in proving the fundamental prin- 
ciple of electro-dynamics, but also because it becomes the source 
of new observations, which could not otherwise have been made. 


DESCRIPTION OF THE INSTRUMENT. 


The instrument about to be described is adapted for delicate 
observations on, and measurements of, electro-dynamic forces ; 
and its superiority over those formerly proposed by Ampére de- 
pends essentially upon the following arrangement. 

The two galvanic conductors, the reciprocal action of which is 
to be observed, consist of two thin copper wires coated with silk, 
‘which, like multipliers, are coiled on the external part of the cavi- 
ties of two cylindrical frames. One of these two coils incloses a — 
space which is of sufficient size to allow the other coil to be 
placed within it and to have freedom of motion. 

When a galvanic current passes through the wires of both coils, — 
one of them exerts a rotatory action upon the other, which is of — 
the greatest intensity when the centres of both coils correspond, 
and when the two planes to which the convolutions of the two 
coils are parallel form a right angle with each other, The com-— ; 
mon diameter of both ER is the axis of rotation. This respective _ i 
position of the two coils constitutes the normal position, which : 
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they obtain in the instrument. Hence also the common diameter 
of the two coils, or their axis of rotation, has a vertical position, 
in order that the rotation may be performed in a horizontal plane. 

That coil which is to be rotated, to allow of the onward trans- 
mission and return of the current, must be brought into con- 
nexion with two immoveable conductors ; and the main object 
of the instrument is to effect these combinations in such a 
manner that the rotation of the coil is not in the least interfered 
with even when the impulse is the least possible, as occurs when 
these connexions are effected by means of two points dipping 
into two metallic cups filled with mercury in which the two im- 
moveable conductors terminate, as in Ampére’s arrangement. 
Instead of these combinations, which on account of the unavoid- 
able friction do not allow of the free rotation of the coil, in the 
present arrangement two long and thin connecting wires are 
used, which are fastened at their upper extremities to two fixed 
metallic hooks, in which the two immoveable conductors termi- 
nate, and at their lower extremities to the frame of the coil, and 
are there firmly united to the ends of the wires of the coil. The 
coil hangs freely suspended by these two connecting wires, and 
each wire supports half the weight of the coil, whereby both wires 
are rendered equally tense. 

These two connecting wires thus effect the transmission of the 
galvaniccurrent from one of the immoveableconductors to the coil, 
and back to the other immoveable conductor; and they effect this 
without the least friction interfering with the rotation of the coil. 

These connecting wires are also of service, because each 
rotation of the coil through a certain angle corresponds to 
a definite rotatory momentum, which tends to diminish this 
angle, and is proportional to the sine of the angle of rotation ; 
whence a standard is formed for all rotatory momenta, by the aid 
of which any other rotatory momentum acting upon the coil 
may be measured. This is effected according to those simple 
laws which Gauss has developed in the case of the bifilar mag- 
netometer. Lastly, this measure may be made more or less 
delicate at pleasure, or as occasion may require, by the approxi- 
mation or separation of the two connecting wires. This method 
of suspension not being accompanied with any friction, allows of 
increase in the weight of the suspended coil, which may be any 
amount provided it is not more than the connecting wires are 
capable of supporting. Hence a very long wire may be wound 
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many times around the coil, and thus a very strong multiplica- 
tion of the galvanic force be obtained. Moreover, this rotating 
coil may without injury be loaded with a speculum, which also 
rotates, and here, as in Gauss’s magnetometer, may be used for 
the delicate measurement of angles; for provided friction be 
excluded, the application of delicate optical instruments in this 
case also does not form any impediment. Regarding the con- 
struction of the instrument in detail, as this has been described 
very perfectly by M. Leyser, the instrument-maker in Leipzic, 
I shall insert the explanation which he has given, and which 
refers'to the figures sketched by him, Plate III. fig. 1-10. The 
instrument is called an Hlectro-dynamometer. 


DESCRIPTION OF THE ELECTRO-DYNAMOMETER. 


Fig. 1, Plate III., represents the little frame for supporting 
the reel which vibrates in the multiplier, seen diagonally. This 
frame consists of two round ivory discs, aa and aa, which are 
riveted to two ivory plates, bd! and 68'; their distance apart is 
regulated by a small ivory roller, ¢. The latter is hollow, so that 
a metallic rod can be passed through it, and by means of a screw 
each of the discs with its plate can be fixed to the ends of the 
roller; and thus a reel is formed for the reception of the wire. 
One end of the wire to be coiled passes through the small hole d, 
and projects from it. When the wire is placed upon the reel 
and the end fixed by means of silk, the metallic supports, eee 
and eee’, of the reel are fixed to the ends of the plates above 
mentioned; thus, one support, eee!, to which the speculum ff 
is screwed at g, is riveted at J! b!; whilst the other support, eee, 
to which the counterpoise fh is fixed by the screw i, is fastened 
by screws at b; so that this support, near the screws 6b, may 
be thrown back in the direction 6 6’, in order that the entire reel 
may be conveniently placed in the multiplier. The commencement 
of the reel, which was left projecting through the hole at d, is 
now placed lengthwise along a portion of the plate 0 0! towards 0’, 
until the circumference of the reel admits at * of its being again 
placed within the frame and then ascending to the support of 
the speculum, where by means of a small screw m! above the 
point at which the speculum is fixed, it comes into metallic con- 
tact with the support. The end of the reel is also brought into 
metallic contact with the other support by means of the screw m ; 
this end must however be long enough not to stand in the way 


OF ELECTRO-DYNAMIC FORCES. 493 


of the support when it is thrown back. When the speculum 
Ff is now placed at g, and its counterpoise hh at i, the reel is 
prepared for suspension in the multiplier by the metallic threads. 
For this purpose both the supports of the reel terminate at e 
and ¢! in hooks or pieces in the form of T, and the bifilar me- 
tallic threads are furnished below with a small ivory beam, 
11, which towards each end terminates in a metallic plate, 
and this. again in a small metallic cylinder; the latter fit into 
the above hooks or upsila of the support, and thus receive the 
reel. The bifilar metallic threads x0 and mo! are united to the 
eross-beam // in the following manner. The commencement 2 
of the thread vo is fastened by means of a screw to the metallic 
plate 7, proceeds a short distance towards /, and then returns 
through a small hole at the end of the plate beneath the beam // 
to its centre p, where it runs through a small hole again above the 
beam, and can then be continued to o and further. The thread n/o! 
is arranged in the same manner, its direction however being 
reversed ; in the centre p of the beam // each has a separate 
aperture, through which it passes; these lie very near each 
other, but are separated and kept isolated by the ivory. The 
index gq is placed upon the centre of the beam before the me- 
tallic threads no and no! are inserted. 

Fig. 2 exhibits the lateral view of the vibrating reel, with the 
coil as placed upon the beam, and the mirror and counterpoise 
adapted and vibrating on the bifilar metallic threads. Only the 
very narrow anterior portion of the index is perceptible. 

Fig. 3 represents the reel seen at right angles to the surface 
of the speculum; the hooks or upsila, as also the index vibrating 
above the scale-plate cc, are very distinctly seen. 

Fig. 4 presents the view from above, in which the beam and 
the index form a right-angled cross. 

Fig. 5 serves to illustrate the further course of the bifilar 
metallic thread to its termination; for the sake of distinctness it 
is represented of twice the size of the other figures, and as seen 
in a vertical section. The bifilar metallic threads continue to 
ascend from o and o’, inclosed in a brass tube; they are wound 
round the moveable rollers a and a’, and are finally fixed to the 
ivory roller B at / and 4! round rotating pegs. The threads can be 
wound up or unwound on these pegs or small rollers by means 
of a small key, according as the weight of the vibrating reel 
may render this requisite ; the small rollers a and a’ are also ne- 
cessarily turned round at either of these operations. The ivory 
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cylinder itself, B, with the prong and the screw ee, can also be 
screwed up or down by means of the nut, ff; and thus the 
vibrating reel may be arranged in the proper position as regards 
the multiplier, in the centre of which it should oscillate. At 
the same time the roller B, which is moveable in the prong ee 
around the peg m, assumes a state of equilibrium as soon as 
the vibrating reel is suspended freely from the bifilar metallic 
wires, since these wires act at 6 and J! as it were at the ends of a 
lever, the centre of motion of which is at m. Thus the load of the 
vibrating cylinder is equally divided between the two threads. 
To allow of the approximation or separation of the two bifilar 
wires, the rollers a and a’ are set in broad prongs, which, as seen 
in the figure, terminate in screws, by means of which they can 
be approximated or separated between two metallic plates (indi- 
cated by the lines engraved perpendicularly) with the nuts ec 
and cc’. The latter are fitted into a kind of case, indicated in 
the figure by lines drawn obliquely, in which they are fixed by a 
peg, but are not impeded as regards their rotation. The roller a, 
with its prong and screw, plate and nut ¢ ¢, is isolated from the 
roller a', with its prong and screw, plate and nut c’ c', because the 
circular discs dd and d’ d', which are perforated in the centre, and 
which connect them above and below, are made of ivory. To 
allow of the bifilar metallic wires being brought out conveniently, 
the nuts cc and c’c' terminate in trumpet-shaped projections, as 
shown in the figure, from which hangs a wire gg and g/g! thrice 
wound round. Hence a galvanic current takes the following 
course :—If it enters at g, it ascends to g, is communicated to the 
nut cc, and the roller a@ (it also ascends to 5, but as 6 is isolated 
it returns), and runs down the threads to 0; from o it proceeds 
(fig. 2) further down through the centre p of the transverse beam, 
then to its extremity 7, where by the metallic contact with the 
support it runs down it, and at m enters the extremity of the reel 
itself, through the coils of which it continues, again making its 
exit at d, but again passing to the other support at m! through 
k, from 7’ along the transverse beam to its centre, and from this 
up to o'; from o! the current (fig. 5) again runs over the other 
roller @ into the nut c'c', and finally arrives at the other con- 
ducting wire, gg’. Thus the current, to arrive at one conduct- 
ing wire g’g! from the other gg, must necessarily run through 
the vibrating reel, inasmuch-as the wire from g to g’ is perfectly 
isolated. To do away with the torsion of the bifilar metallic 
wires, the whole of the upper portion of the instrument as far as 
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hh and h't' rotates horizontally, and is furnished with a torsion- 
circle and an index, as is distinctly seen in figs. 6 and 7 at Ah’. 

Figs. 6 and 7 are not sectional, and fig. 6 belongs to fig. 2. 
Fig. 7 exhibits the roller B with the prong and the screw ee! of 
fig. 5 more distinctly ; 72 here represent two screws, to fix the 
roller B on moving the instrument, without which precaution 
the bifilar threads would be easily injured. 

We now pass to fig. 8, which exhibits in a vertical section the 
lower part of the instrument, with the multiplier and the pede- 
stal, which is constructed of serpentine. In it we first recognise 
fig. 2, suspended by the bifilar metallic wires 0 and o', also as 
seen on a vertical section. The letters mm exhibit a section of 
the multiplier, wound round a brass drum furnished with wooden 
sides, in the interior of which the vibrating cylinder R is placed. 
These wooden sides support the tubes, within which the bifilar 
threads descend ; the two scales for the index arealso fixed tothem. 

Fig. 10, a view of the instrument as seen from above, exhibits 
more accurately the scale and the metallic plates, to which the 
tube is fastened. The sides of this multiplier are in connexion 
with a strip of copper, which by means of two cap-screws can 
be connected with the upper part mn of the foot of serpentine. 
This portion, nn, with its cone 22, is capable of rotation in the 
lower part of the serpentine foot, and by means of the metallic bolt 
ris kept in connexion with it by the screw 2. Since, as shown in 
fig. 8, both the speculum and the counterpoise project towards 
the wooden sides of the multiplier, the whole is protected from 
the influence of a current of air by a cylindrical wooden cover, 
which is fixed to the upper corners of the wooden sides of the 
multiplier. In the direction of the speculum to the counter- 
poise, however, this cylindrical cover is flattened, so as to allow 
of a free view through the cavity of the multiplier. The flat 
side of the cover next the speculum can be opened or closed at 
pleasure by a wooden plate, which however, to enable us to use 
the mirror, is furnished with a flat parallel glass, S.. The whole 
of the other flat side of the cover, which is turned towards the 
counterpoise, may be closed or opened by a glass plate. Thus 
the vibrating reel, when the sides of the cover are closed, can 
still be seen, and its free oscillation in the cavity of the multiplier 
be observed and regulated by means of the three screws in the 
serpentine pedestal. Moreover, from above downwards, above 
the graduation, the cover is closed by two glass plates, which are 
moyeable towards each other in metallic grooves, and excavated 
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in a semicircular form in the centre, to allow the tube in which the 
bifilar wires are suspended to pass through them. In fig. 8, vv 
exhibits the glass plate at the side; v'w is the wooden plate, 
with the flat parallel glass S at the other side; vv! is one of the 
upper glass plates. The letters kk are loops, through which 
the conducting wires gg and g'g' in fig. 6 descend; these wires 
are fixed in these loops to avoid their lying loosely throughout 
their entire length; they terminate in pegs, or small cylinders. 

Fig. 9 also exhibits a vertical section, but at right angles to 
that of fig. 8; m is the multiplier, and R a section of the reel 
vibrating within it. At the side of the case we perceive four 
metallic knobs, marked ww! zz'. These are perforated crucially, 
and the perforation most distant from the case is furnished 
with a screw; on the inner side of the case it is fixed to it by 
another screw. Two of these knobs, u and w/, are in metallic 
contact with the commencement and termination of the multi- 
plier, so that a current from the knob uw can run through the 
multiplier into the knob w/, and vice versd. The other two knobs, 
z and 2’, are perfectly isolated; but all four of the knobs are 
very useful for reversing the current, and for effecting various 
combinations. In this figure also we see the index vibrating 
above the scale-plate, as also in fig. 3, where the case is sup- 
posed to be removed. 

Let us now trace the course of a galvanic current, which 
enters the instrument at the knob w; it passes from wu through the 
multiplier m and towards w ; if the conducting wire g' g' with its 
metallic cylindrical extremity be now inserted into this knob, 
the current ascends in g’g', and (fig.5) towards the nut ed 
above the roller a’, then down within the tube to o'; thence (fig. 2) 
from o’ through the centre p of the transverse beam to 7 m! kd, 
through the vibrating reel to mrp o, and (fig. 5) to 0, ascending 
above the roller a in the nut ec, to the second conducting 
wire gg, and (fig. 9) through gg down into the knob z, whence 
it runs into the other of the two exciting surfaces. 

By means of the upper rotating part of the serpentine 
pedestal, the instrument may be arranged in any part of a hall 
or room as required. All the figures are drawn one-fourth of 
the linear magnitude of the electro-dynamometer, excepting fig. 5, 
which is one-half the real magnitude. 

The wire on the vibrating reel is 200 metres in length, that of 
the multiplier 300; the first forms about 1200 coils, the latter 
about 900. The length of the bifilar wires, (which are very fine, 
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composed of silver, and were heated to redness,) from the trans- 
verse beam to the small rollers aa', was half a metre. 
The price of the instrument is 10 guineas. 


OBSERVATIONS DEMONSTRATING THE FUNDAMENTAL 
PRINCIPLE OF ELECTRO-DYNAMICS. 


The following observations were not made with the instrument 
which has just been described. However, it is unnecessary to 
describe separately the instrument made use of on this occasion, 
because it merely differs from the former in minor points of ar- 
rangement, which were less convenient than those in the latter. 
One important modification only requires to be mentioned, viz. 
that the multiplier, which in the above description assumes an 
invariable position, in which its centre coincides with the centre 
of the bifilarly-suspended reel, was left moveable, so that it 
could be placed in any position as regards the vibrating reel, for 
the purpose of extending the observations to all relative positions 
of the two galvanic conductors, which act upon each other. Now 
as these two conductors form two coils, one of which can en- 
close the other, and in the instrument described above the inner 
and smaller coil was suspended by two threads, to serve as it 
were as a galvanometer-needle, whilst the outer and larger coil 
was fixed and formed the multiplier ; it was requisite for the ob- 
ject in question to reverse the arrangement, and to suspend the 
outer and larger coil by two threads so as to use the inner and 
smaller coil as a multiplier, because it was only by this means 
that the position of the multiplier could be altered at pleasure 
without interfering with the bifilar suspension. It is at once 
seen that the external reel, on account of its size, has a greater 
momentum from inertia, which produces a longer duration of its 
vibration ; this influence however may be easily compensated for 
when necessary by altering the arrangement of the bifilar sus- 
pension. 

As regards the observations themselves, it remains to be re- 
marked, that to render the results comparable, the intensity of 
the current transmitted by the two conductors of the dynamo- 
meter was, simultaneously with the observation on the dynamo- 
meter, accurately measured by a second observer with a galvano- 
meter. ‘This was requisite, because no reliance can be placed 
upon the constancy of the intensity of the current during a con- 
tinued series of experiments, even when the so-called constant 
battery of Grove or Bunsen is used. 
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The first experiment was made by passing three currents of 
different intensity, 7. e. from 3, 2 and 1 of Grove’s elements, 
through the two conductors of the dynamometer, and observing 
the simultaneous deflections of the dynamometer and galvano- 
meter. After making the necessary reductions, the following 
means were obtained as the deflections :-— 


Deflections 
Number of 


Grove’s elements. 


Of the Dynamometer. Of the Galvanometer. 


3 440-038 108-426 
2 198-255 72-398 
1 50°915 36-332 


These observations are reduced so that the former furnish a 
measure of the electro-dynamic force with which the two con- 
ductors of the dynamometer act upon each other, when currents 
of equal intensity are transmitted through them, whilst the 
latter furnish a measure of this intensity itself. 

If we denote the dynamometric observations by 6, and the 
galvanometric observations by y, we obtain 


y = 515534. V9; 
for if we calculate the values of y from the values found by ob- 


servation for é according to this formula, we obtain in the order 


of the series, 
108°144 


79-589 
36°786, 


which exhibit less differences from the values of y found by ob- 
servation than could be anticipated, thus : 


— 0:282 
+ 0191 
+ 07454. 


The electro-dynamic force of the reciprocal action of two con- 
ducting wires, through which currents of equal intensity are trans- 
mitted, is therefore in proportion to the square of this intensity, 
which is exactly what is required by the fundamental principle 
of electro-dynamics. 74 

A more extended series of experiments was then made for the 
purpose of ascertaining the dependence of the electro-dynamic 
force, with which the two conducting wires of the dynamometer 
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react upon each other, upon the relative position and distance 
of these wires. 

For this purpose the arrangement was effected in such a 
manner, that one conducting wire, 2. e. the multiplier, could be 
placed in any position as regards the other, i. e. as regards the 
bifilarly-suspended coil, the latter forming the larger coil, which 
inclosed the former smaller one. 

Both coils were always placed in sucha position that their 
axes were in the same horizontal plane, and formed a right 
angle with each other. 

The distance of the two coils was determined by the distance 
of their centres from each other, and was thus assumed as = 0 
when the centres of the two coils coincided. 

When the latter was not the case, in addition to the magnitude 
of the distance of the two centres, it was also requisite to measure 
the angle which the line uniting the two central points formed 
with the axis of the bifilarly-suspended coil, whereby the direc- 
tion in which the centre of the multiplier was removed from 
the centre of the bifilarly-suspended coil was defined. For this 
purpose the four cardinal directions were selected at which the 
former angle had the value 0°, 90°, 180° and 270°, i. e. when the 
axis of the bifilarly-suspended coil, like the axis of the needle 
of a magnet, was arranged in the magnetic meridian, the centre 
of the multiplier was removed from the centre of the above coil, 
sometimes in the direction of the meridian, north or south, and 
sometimes in the direction at right angles to the magnetic meri- 
dian, east or west. In each of these different directions the mul- 
tiplier was placed successively at different distances from the 
suspended coil. 

This arrangement of different positions and distances of the 
two conducting wires of the dynamometer accurately corre- 
sponds, as is seen at a glance, to the arrangement of differ- 
ent positions and distances of the two magnets, upon which 
Gauss based his measurements, in demonstrating the funda- 
mental principle of magnetism. The bifilarly-suspended coil 
here occupied the place of Gauss’s magnetic needle and the 
multiplier the place of Gauss’s deflection-rod. The only im- 
portant difference is, that the mutual action of the magnets 
‘could only be observed from a distance; consequently in the 
magnetic observations that case was excluded in which the cen- 
tres of the two magnets coincided ; whilst in the electro-dynamic 
measurements of which we are now speaking, the system could 


Liha re 
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moreover be rendered complete by the case, in which the centre 
of the two coils coincided. 

Simultaneously with the observations made on the dynamo- 
meter, the intensity of the current which was transmitted through 
the two coils of the dynamometer was measured by another ob- 
server with a galvanometer. By these auxiliary observations I 
was enabled to reduce all the observations made on the dyna- 
mometer in accordance with the law shown above, (that the elec- 
tro-dynamic force is in proportion to the square of the intensity 


of the current,) to an equal intensity of the current, and thus to: 


render the results obtained comparable. 

The following table gives the reduced mean values which were 
obtained in the different instances. The first vertical column 
shows the distance of the two coils of the dynamometer ; 
above the other columns, the direction formed by the line uniting 
the two centres with the axis of the bifilarly-suspended coil 
directed towards the magnetic meridian is given :— 


Distance North, East, South, West, 
in mm. 0°. 90°. 180°. 270°. 


0 22960 22960 22960 22960 


300 77:16 189-24 77-06 190-62 
400 34:78 77°61 34°77 77°28 
500 18-17 39°37 18°30 39°16 
600 va 22°53 Ae 22°38 


It is at once seen that when the centres of the two coils of the 
dynamometer coincide, or their distance apart is = 0, the dif- 
ference dependent upon the change of the direction in which the 
multiplier is removed from the bifilarly-suspended coil, va- 
nishes. The result obtained in this case therefore could only 
be repeated in the above table in the various columns. 

Moreover, the above table shows that the results obtained for 
an equal distance in opposite directions varying 180°, agree 
together as far as the observations could be depended upon. 

These values, when reduced by taking their means, after con- 
verting the divisions of the scale into degrees, minutes and 
seconds, yield the following table :— 


0-6 0 5 50 
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in which the same notation is adopted as used by Gauss in his 
Intensitas Vis Magnetice, &c. in the comparison of the mag- 
netic observations. 

According to the fundamental principle of electro-dynamics, 
we should be able to develope the tangents of the angle of deflec- 
tion v and v! according to the diminishing odd powers of the 
distance R, and we should have 


tanav=aR +6R” 
tang =o Rae EeR 
where a, 6 and ¢ are constants to be determined from the ob- 
servations. If now in the present instance we make 
tan v = 0:0003572 R- + 0:000002755 R 
tan v' = 0:0001786 R  — 0:000001886 R ’, 


we obtain the following table of calculated deflections, and their 
difference from those found by observation :— 


R. v. Difference. v', Difference. 
03 |0 49 2 Peas 4) of 
of Gone 7) ir “low sg. 5a) fet 
05 (Vode aio. +4 Oy pa 42 +2 
0-6 Ome AD +1 


Thus in this agreement of the calculated values with those 
obtained by observation, we have a confirmation of one of the 
most universal and most important consequences of the funda- 
mental principle of electro-dynamics, viz. that the same laws 
apply to electro-dynamic forces exerted at a distance as to mag- 
netic forces. 

In this application of the laws of magnetism to electro-dynamic 
observations, that case of the latter where the centres of the two 
coils of the dynamometer coincide must be excluded. More- 
over, in this extension of the laws of magnetism to electro-dynamic 
observations, the values of three constants must be deduced from 
the observations themselves, which is unnecessary when we have 
recourse to the fundamental principle of electro-dynamics itself, 
and calculate directly from it the results which the observations 
should have yielded in accordance with it. Hence from the fun- 
damental principle of electro-dynamics— 

1. In that case in which the straight line uniting the centre 
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of the two coils coincides with the axis of the bifilarly- 
suspended coil, 
when m designates the radius of the multiplying coil, 2 the 
radius of the bifilarly-suspended coil, and @ the distance of the 
centres of the two coils, and for brevity we make 


mm _ vy 
oe ee iy 7 | tami 
OS Spy 
aatnn , 
4aa+nn a 
16(aa+nn) *’ 
Sat+4aann+n _ 
64 (aa + nn)? ed: . 


the electro-dynamic momentum of rotation which the multiplying 
coil exerts upon the bifilarly-suspended coil, when a current of 
the intensity i passes through both coils, is determined with suf- 
ficient accuracy to be 
=— > wnnii.S, 

S designating the following series :— 
S=+([3-wv] 

— 3 [2 -—ww—(3—Jwvw)fj\vv ) 

+39 [$-—ww—2(5—9ww) f+ 3(5 —llww)g] vt 

— 35/7 —ww —3(7 — llww)f+11(7 — 13 ww) g] 0% 

+ 515 [2 —ww —4(9—13 ww) f+ 26(9—15 ww) g] v® 


If in this equation we substitute the values known from direct 
measurement, in millimetres, 
m= 44°4, 
n= 55°8, 
and successively 
a = 300, 400, 500, 
we obtain as the rotating momentum sought, the following three 
values to be multiplied by az ii:— 
— 1°4544 
— 0°6547 
— 0°3452. 
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Moreover, 

2. In that case where the right line uniting the centres of 
both coils is at right angles to the axis of the bifilarly- 
suspended coil, 

m, n and a having the same signification, and 
mm 


= vv 
aatnn - 
aa f 
acne 
nn 
—— =4gv0v 
aatnn vrs 


the rotatory momentum required is 
=+rvnnii. SI, 
S$! expressing the following series :— 


+3 ip [b+ 4 1—l4f)g + 42ffog\ uv 


: 
sie le +7 (2—18f)9— (LM fp fog Si2s Plank 
+ 325 (5 4+$(3 —22f)o + (1 — 22f 4+ 143ff) 9g 
; + E(k lof) fig + Sf? 
_ Cc. 


If in this series we substitute for m and n the given values, 
and successively a = 300, 400, 500 and 600, we obtain as the 
rotating momentum required, the following values to be multi- 
plied by zz ii:— 4 355695 


+ 1°4661 
+ 0°7420 
Lastly, Bite ten ith 


3. In that case where the centres of both coils coincide,— 
when m designates the radius of the multiplier, and m! and n!! 
the least and greatest radius of the bifilarly-suspended coil, the 
rotatory momentum sought is 


=7 im .. nl 
= EP [5 log nat ot 
9 1 225 1 ] 
oe ee ip 89 Pe baile Ny 4 
+ 160 \n"'n!—a' nv! ra) oye 14336 (3 [a =) Hg 
6125 l _ 694575 | {! 1 
DELVED Vito 
a seanae (we 6 ap) m+ * 734549376 (- m8 —<:) me rale 
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If in this formula we substitute the values known from direct — 
measurement in millimetres, 


m = 44°4 
n! = 50°25 
nN =6Y35. 


we obtain as the rotatory momentum the following value to be 
multiplied by 27 72:— 
+ 442°714. 

This value suffers a reduction of about th when we take into 
consideration that all the turns of the two coils do not lie in one 
plane, which in this case exerts greater influence on account of 
their proximity than in the other cases. The above value thus 
becomes reduced to 


+ 427°45 .a47 12. 


The numerical coefficients thus calculated should now be pro- 
portional to the observed values; and when multiplied by xz iz, 
the intensity of the current i being expressed according to the 
dimensions upon which the above measurements were based, 
should be equal. 

In fact, when all the calculated numerical coefficients are mul- 
tiplied by 53:06, and then arranged according to the analogy of 
the observed values, we obtain the following table of the calcu- 
lated values, and their difference from those found by observa- 
tion :— 


North or 
south, 0° or | Difference. 
180°. 


Distance in 
illimetres. 


East or west, 


90° or 270°. Difference. 


0 |422680-00, +280-00 | +22680-00 4280-00 


300 189:03; + 0:90 | 7717) — 0-06 
400 7779, — 034 34:74) + 0:03 
500 39:37; — 010 18:31} — 0:07 
600 22°64; — 0-18 


In this comparison of theory and experiment, the single factor 
53°06 was deduced from observations; and this was merely done 
because this factor could not be determined with sufficient ac- 
curacy by direct measurements. The direct determination of 
this factor is based upon the ascertainment of the proportion of 
that measure of the intensity of the current, upon which the 
scale of the galvanometer used is based, to that absolute measure 
to which the theoretical expression refers. The measurements 
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necessary for ascertaining this proportion could not all be effected 
with the requisite accuracy, because separate measures were not 
taken for this purpose. In fact, however, the above factor was 
provisionally, as well as circumstances permitted, determined by 
direct measurement, and found =49°5. This result also exhibits 
an agreement with that previously deduced from the observa- 
tions, which under the circumstances could not have been ex- 
pected to be greater. 


OBSERVATIONS TENDING TO ENLARGE THE DOMAIN OF 
ELECTRO-DYNAMIC INVESTIGATIONS. 


A. Observation of Voltaic Induction. 


If the bifilarly-suspended coil of the dynamometer be made 
to oscillate whilst a current is transmitted through it, or through 
the coil of the multiplier, or through both simultaneously, this 
motion is inductive,.and excites a current in the conductor, 
through which no current was passing, or alters the current 
passing through this conductor. This mode of excitation of the 
current is called voltaic induction. The inducing motion, i.e. the 
velocity of the oscillating coil, is on each occasion diminished or 
checked by the antagonism of the currents excited by the voltaic 
induction and those conducted through the coil. This check 
to the vibrating coil effected by the voltaic induction may be ac- 
curately observed ; and at the same time the motion of the oscil- 
lating coil itself, which produces the voltaic induction, may be 
accurately determined ; and this twofold use of the dynamometer 
affords the data necessary for the more accurate investigation of 
the laws of voltaic induction. 

The bifilarly-suspended coil closed in itself was made to 
oscillate to the greatest extent at which the scale permitted ob- 
servations to be made, and its oscillations from O were counted 
until they became too minute for accurate observation. During 
the counting, the magnitude of the are of oscillation was 
measured from time to time. These experiments were first made 
under the influence of voltaic induction, a current from three 
Grove’s elements being conducted through the multiplying coil ; 
the same experiments were next repeated, after the removal of 
the elements, without voltaic induction :— 

VOL. V. PART Xx. 2M 
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With voltaic induction. Without voltaic induction. 


Enumeration Ares Enumeration Arcs 
of the of of the of 
oscillations. | oscillation. | oscillations. | oscillation. 


0 76410 0 650-80 

9 679-14 14 60143 
18 604-05 25 56490 
35 484:15 52 485-28 
47 414-60 82 409-62 
57 365°50 109 853-08 
74 292:27 134 306-70 
85 253-30 163 261-08 
103 200-80 189 226.33 
118 165-56 212 198-68 
130 14137 232 178-26 
143 11933 254 157-98 
157 100-49 284 134:17 
179 75°59 309 116-30 
196 60°58 328 105-25 
210 50:08 369 83°68 
387 75°45 


It is evident on comparison, that the dimmution of the magni- 
tude of the arc, which without the influence of induction from 
one oscillation to another amounted on an average to +4,th, with 
the cooperation of the induction rose to ;,th part. 

When for the multiplying coil with the current transmitted 
through it, a magnet equivalent in an electro-magnetic point of 
view is substituted, the diminution of the are is found to be 
equally great, 7. e. the magnetic induction of this magnet is equal 
to the voltaic induction of the current in the multiplier. 

The velocity which the inducing motion must possess for the 
intensity of the induced current to be equal to that of the in- 
ducing current, may also be deduced from these experiments. 


B. Determination of the duration of Momentary Currents, as 
also its application to Physiological Experiments. 


When the intensity of a continued constant current is to be 
determined, both the galvanometer (the sine- or tangent-com- 
pass) and the dynamometer may be used; but if the current, the 
intensity of which is to be determined, is merely of momentary 
duration, observation made with either of these instruments is 
not sufficient, because the deflection observed does not depend 
merely upon the intensity of the current, but also upon the 
duration itself. It is therefore requisite, in experimentally in- 
vestigating the intensity of the current, also to determine its 
dur*tion. 
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The two instruments, 7. e. the galvanometer and the dynamo- 
meter, are complementary to each other, so that when the same 
momentary current is transmitted through both, and the deflec- 
tion of both instruments thus produced is observed, both the 
duration and the intensity of the momentary current can be de- 
termined from these two observations. This reciprocity is based 
upon the circumstance that the observed deflection of both in- 

“struments depends in the same manner upon the duration of the 
momentary current, i. e. it is proportional to it, whilst it is not 
dependent in the same manner upon the intensity of the current, 
because the deflection of the galvanometer is in proportion to 
the intensity of the current. 

Let s and ¢ indicate the duration of the oscillations of the gal- 
vanometer and dynamometer ; 

e' and <' the deflection at which both instruments remain when 
the same constant current of the intensity 7! is transmitted through 
them ; 

Whilst e and ¢ indicate the extent of the deflection which both 
instruments attain in consequence of a momentary current of the 
duration © and of the intensity 7; the following equation then 
gives the duration © :— 

ahis Sie 
Ys atgignas 


and the following that of the intensity of the current 7:— 


U 

Saari aS a 

t=... 
oe 


€ 
ie 

s,s, e, ¢, 7, e and in these formule are magnitudes which 
can be determined by observation. 

This combination of the dynamometer with the galvanometer 
is of special importance in physiology, to investigate accurately 
the excitation of the nerves by galvanic currents. For it is 
found that nerves of sensation especially are quickly deadened 
by continued currents, and hence that for such experiments 
momentary currents are frequently required to be used. But 
the observed impressions of sense depend less upon the dura- 
tion of the current than upon its intensity; and it is essential 
to be acquainted with both. 
2M 2 
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C. Repetition of Ampére’s fundamental Experiment with com- 
mon Electricity and measurement of the duration of the Elec- 
tric Spark on the discharge of a Leyden Jar. 


It is evident from the preceding remarks, that the action of 
a current upon the dynamometer depends more upon the in- 
tensity of the current, to the square of which it is proportionate, 
than upon the duration of the current, to which it is simply: 
proportional. Hence it follows that even a small quantity of 
electricity, when passed through the dynamometer within a very 
short period, so that it forms a current of very short duration 
but very great intensity, will produce a sensible effect. This 
is, in fact, the case when the small quantity of electricity which 
can be collected in a Leyden jar or battery is transmitted during 
its discharge through the dynamometer. By this means it was 
found that Ampére’s fundamental experiment, which had pre- 
viously been made only with powerful galvanic batteries, could 
also be made with common electricity. 

When the same electricity, collected in Leyden jars, after 
haying been transmitted through the dynamometer, was also 
conducted through a galvanometer and the deflection thus pro- 
duced in both instruments was measured, in accordance with the 
above rules, the duration of the current, 7. e. the duration of the 
electric spark on the discharge of the Leyden jar, and at the 
same time the intensity of the current could be determined, ad- 
mitting that the current might be considered as uniform during 
its brief duration. 

It is well known that in experiments of this kind the discharge 
of the Leyden jar is effected by means of a wet string, to pre- 
vent its taking place through the air instead of through the fine 
wires of the two instruments. In this manner a series of expe- 
riments was made: a battery of eight jars being discharged 
through a wet hempen string, 7 millimetres in thickness and of 
different lengths, the following results were obtained :— 


Length of the string. Duration of the spark. 
Millimetres. Seconds, 
2000 0:0851 
1000 0'0345 
500 0°0187 
250 0°0095 


Hence the duration of the spark was nearly in proportion to 
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the length of the string ; for the observed duration of the spark 
18 :— 
Seconds. 
0°0816 + 0°0035 
0°0408 — 0°0063 
0:0204 — 0:0017 
0:0102 — 0:0007 


The first part of the duration of the spark is thus exactly in 
proportion to the length of the string; but the second part is so 
small that it may be considered as arising from error of observa- 
tion, which was unavoidable. 

It is thus evident that the result obtained by Prof. Wheat- 
stone, according to which the duration of the spark on dis- 
charge by simple metallic conductors is infinitely short in com- 
parison with that ascertained in the present case, is in direct 
accordance with this result. 


D. Application of the Dynamometer to the measurement of 
Sounorous Vibrations. 


When a rapid alternation of positive and negative currents 
ensues in a conducting wire, the continued motion of the elec- 
tricity becomes converted into an oscillation. An oscillation of 
this kind cannot however be observed by means of a galvano- 
meter (for instance, a sine- or tangent-compass), because in this 
case the effects of the successive opposite oscillations destroy 
each other. 

But the case is different with the dynamometer, in the two 
coils of which the direction of the vibration always changes 
simultaneously, and in which the deflection observed is in pro- 
portion to the square of the intensity of the current; for it is 
self-evident that the simultaneous change of the direction in both 
coils can exert no influence upon the action, because in the dy- 
namometer a negative current transmitted through both coils 
produces a deflection towards the same side as a positive current 
transmitted through both coils. The occurrence of the deflection 
of the dynamometer to one side or the other does not, as in the 
galvanometer, depend upon the direction of the transmitted cur- 
rent, but merely upon the mode of connexion of the extremities 
of the wires of both coils. 

But an electric vibration may be readily produced in a con- 
ducting wire by a magnetized steel bar vibrating so as to produce 
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a musical sound, when one portion of the conducting wire, form- 
ing as it were the inducing coil, surrounds the free vibrating end 
of the bar, so that the direction of the vibration is at right angles 
to the plane of the coils of the wire. All vibrations of the bar on 
one side then produce positive currents in the wire, and all the 
vibrations on the other side produce negative currents, which fol- 
low each other as rapidly as the sonorous vibrations themselves. 

When the ends of the wire of the inducing coil are united to 
the ends of that of the dynamometer, a deflection of the latter 
during the vibration of the bar is observed, which can be ac- 
curately measured. This deflection remains unaltered so long 
as the intensity of the sonorous vibrations remains unaltered, 
but speedily diminishes when the intensity of the sonorous 
vibrations diminishes ; and when the amplitude of the sonorous 
vibrations has fallen to a half, it then amounts to the fourth part 
only. 

The dynamometer thus presents a means of estimating the 
intensity of sonorous vibrations, which is of importance, be- 
cause methods adapted to these measurements are still much re- 
quired. 

In addition to the investigations which we have hitherto con- 
sidered, and which are based on the use of the dynamometer, 
there are others which will be subsequently treated of, when some 
modifications in the construction of this instrument for special 
objects will also be more accurately detailed. 


ON THE CONNEXION OF THE FUNDAMENTAL PRINCIPLE OF 
ELECTRO-DYNAMICS WITH THAT OF ELECTRO-STATICS. 


The fundamental principle of electro-statics is, that when two 
electric (positive or negative) masses, denoted by e and e’, are at 
a distance 7 from each other, the amount of the force with which 
the two masses act reciprocally upon each other is expressed by 


ed 


rr? 


and that repulsion or attraction oecurs accordingly as this ex- 
pression has a positive or negative value. 

On the other hand, the fundamental principle of electro-dyna- 
mics is as follows :-- When two elements of a current, the lengths 
of which are « and 2’, and the intensities i and 7’, and which are 
at the distance r from each other, so that the directions in which 
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the positive electricity in both elements moves, form with each 
other the angle «, and with the connecting right line the angles 
@ and ©’, the magnitude of the force with which the elements of 
the current reciprocally act upon each other is determined by 
the expression 
ad ii 
rr 


(cose — 3 cos cos ©’), 


and repulsion or attraction occurs according as this expression 
has a positive or negative value. The expressions of the rota- 
tory momentum exerted by one coil of the dynamometer upon 
the other, developed at p. 502 and 503, are all deduced from this 
fundamental principle. 

The former of the two fundamental principles mentioned re- 
fers to two electric masses and their antagonism, the latter to 
two elements of a current and their antagonism. A more inti- 
mate connexion between the two can only be attained by recurring, 
likewise in the case of the elements of the current, to the con- 
sideration of the electric magnitudes existing in the elements of 
the current, and their antagonism. 

Thus the next question is, what electric magnitudes are con- 
tained in the two elements of a current, and upon what mutual 
relations of these masses their reciprocal actions may depend. 

If the mass of positive electricity in a portion of the conduct- 
ing wire equal to a unit of length be represented by e, and con- 
sequently the mass of the positive electricity contained in the 
elements of the current, the length of which is = «, by @ e, and if 
u indicates the velocity with which the mass moves, the product 
eu expresses that mass of positive electricity which in a unit of 
time passes through each section of the conducting wire, to 
which the intensity of the current 7 must be considered as pro- 
portional ; hence, when a expresses a constant factor, 

aeu=t, 

If now ee represent the mass of positive electricity in the ele- 
ment of the current «, and ~u its velocity, —a« e represents the 
mass of negative electricity in the same element of the current, 
and — u its velocity. 

We have also, when 

ae ul = 72, 
a ¢' as the mass of positive electricity in the second element of 
the current 2', and w its velocity, and lastly, — «' e as the mass 
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of negative electricity, and — w! as its velocity. If now for ¢ and 
i, in the expression of the force which one element of a current 
exerts upon another, their valuesi=aeu, and i =aew! are 
substituted, we then obtain for them 


! 
ae.ale! 
_ —. -aauu' . (cose — § cos © cos @). 


If now we first consider in this expression a e. a! e! as the pro- 
duct of the positive electric masses ae and a'é' in the two ele- 
ments of the current, and ww! as the product of their velocities 
u and u!, and if we denote by 7 the variable distance of these two 
masses in motion; and lastly, by s, and s/ the length of a portion 
of each of the two conducting wires, to which the elements of 
the current « and a! just considered belong, estimated from 
a definite point of origin and proceeding in the direction of the 
positive electricity, as far as the element of the current under 
consideration, we then know that the cosines of the two angles © 
and ©!, which the two conducting wires in the situation of the 
elements of the current mentioned form with the connecting 
right Jine 7, may be represented by the partial differential coef- 
ficients of 7, with respect to s, and s/; thus 


dr dr 
cos® = —4, cos @! = — —! 
ds; ds) 
we then have 
ddr, dr, dr, 
cose«=—7 


‘ds, ds} ds, ds! 

as the cosine of the angle e which the directions of the two con- 
ducting wires form with each other. Moreover, if the differen- 
tial coefficients above mentioned be substituted for the cosines of 
the three angles «, © and ©', we have 

ae.a el ; eee ddr, ) 
en © a acaba el dag 

Ff, 2ds,ds; ds, ds, 
as the expression of the force with which one element of the 
current acts upon the other. 

Secondly, if in the above expression, —ae. a! e' be considered 
as the product of the positive electric mass a e of one element of the 
current « into the negative electric mass — a! e! of the other ele- 
‘ment of the current a’, and —uu! as the product of their velocities - 
u and — w'; moreover, if the variable distance of these two moving 
masses be denoted by 7, and by s,and s', the length of a portion 
of each of the two conducting wires, to which the elements of 
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the current under consideration belong, taken from a definite 
point of origin, and proceeding in that direction in which, in the 
first the positive, in the second the negative electricity runs, as 
far as the element of the current mentioned, we obtain in the 
same manner 


e=1, ddr, dr, ary 
dsds/ .ds,a8; 
On substituting these values, we have the following expression 
for the force with which one element of the current acts upon 
the other :— 
ae.aeé ldr,dr, ah) 


~ COs 


! 
Pip 2 Tit Bisco ds,ds| "ds, ds} ‘ 

If, thirdly, we consider in the original expression ae. a! e! as 
the product of the negative electrical masses — ee and — a! é! 
into the two elements of the current, and ww! as the product of 
their velocities — wand — w', and r,,, denote the variable distance 
of these two moving masses, and lastly, s, and s,/ denote the 
length of a portion of each of the two conducting wires to which 
the elements of the current under consideration belong, calcu- 
lated from a definite point of origin, and proceeding in that 
direction in which the negative electricity runs, as far as the ele- 
ment of the current under consideration, we have 


d d 

cos® = — a cos @! = aru 

Si ds, 
a ddry _ ary dry, 

Mds,ds ds, as, 

On substituting these values, we have a third expression for the 
force with which one element of the current acts upon the other, 
namely, 


cose = 


! 
aauu. py 
e ! Ul 1 
Tink a 2 ds,das,} ds,ds,, 


In fine, if, fourthly, in the original expression we consider 
— ae. as the product of the negative electric mass — ee of 
the element of the current « into the positive electric mass a! e! 
of the element of the current a’, and — uw as the product of 
their velocities — uw and w'; if, moreover, 7,,, designate the vari- 
able distance of these two moving masses, and s, and s/ the 


II 
ae.we Ldrydty aos) 
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length of a portion of each of the two conducting wires, to which 
the elements of the current under consideration belong, calcu- 
lated from a defined point of origin, proceeding in that direction 
in which in the first the negative, in the second the positive elec- 
tricity runs, we have 


dr et r 
cos @ = — —4, cos 0! = — —# 
8), ds| 
ddr ary, a , 


Hit 


cose = 1, -— 4 
Mids, as as ds!* 


If now these values be substituted, we have the fourth expression 

of the force with which one element of the current acts upon the 

other, viz. 
ae.a'e! Lidty, 8 ty, Bai cial) 
TRAIT 2 ds,ds/ M ds,ds/J" 


Now at that moment in which the electric masses alluded to 
occur in the two elements « and a’, the distances 7); Tj Typ Typ 
have all the same value, which is expressed by r. Hence the 
four expressions of the electro-dynamic force of the two elements 
of the current « and «' become converted into the following :— 


-aauw. ( 


ae.a'el aun Ae ddr, (1.) 
fe a a a 2ds,ds} Prats! Paw 
ae.a'el ay Le fe a) 
ap eae Pras Maya ty code 
ae.a'e! Nod LOE adr) 
omg core eS 2 ds, ds,! ~ "ds, ds, rie tear isa 
ae.a'e! PL ayer ddry, 
pdr re soe eina 8, ah es 1 
Pe -A2aUUN. 2 ds, ds} "ds, di 9° ee . (4.) 


from which we can construct the fifth expression, viz. (5.) :— 


ae. a! el aa uw [ 5 dr,dr, _ dr, dr, dr,,dr, Ste) 
rr 2\ds,ds} ds'ds ' ds,ds,| ds, ds] 


ddr, ddr, ddr, corm.) | 
"\ds,ds} ds,dsj|‘ ds,ds ds,dsj) 1° 

The four variable distances 7, 7j)) Ty 7 2°€ NOW respectively 

dependent upon the variable magnitudes of the paths s, and s/, 

s,and s,/, s, and s,/, s, and s/, through which the moveable 

masses to which they refer have passed in the two given con- 


. 
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ducting wires, and which consequently are again functions of 


the time ¢. On developing their complete differentials, we 
have 
dr dr 
dr,= iy, ds, + ane 
; dry ar, ! 
a — ds, ds,+ ds, aS: 
dr dr, 
ary, = ds, > ae nee aye ds, aa ‘ba 
dr dr, 
dry, = nt ds, + 1! ds, si a8} 5 
moreover, 
ai Sad 1 2 ddr ddr, : 
ddr,= as, ds diay wal ag pce at dsP? ds/?, 
ddr ddr, ddr 
da t= ds? ds? + Praia ;as,ds,) + ds ds,/?, 
ddr ddr, ddr 
ddry= Al get ds +2 ds, ds, is, det” 8408) + a 7 ds)", 
ddr ddr ddr 
ddryy, = o as,° + 2 ds, as! ds,ds] + a or 


If these differentials are respectively divided by the elements 
of the time d¢, and their squares d7?, and admitting that 


ds, _ ds, dsj _ as) _ iy 
Bee wid iin ch iat aes ho 
we have 

Fs co A, , a7, 
ect, ds ae 
dr, adr, , ar, 
Mei hay ORR 
ary ary , ary, 
Fa ds, 5 ds)? 
dry Fy dry wy, dry, 
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moreover, 
ddr, _ ddr, ; c 1, ad 
ae age Teh oe ds! ds? 
dar, - ddr, 1 mM 1,1 dary, 
ee Ee oe ae ds? 
ddr, ddry, ' lil 11 ary 
dt? usr’ ds)? is s,s, Rah ds,|*? 


dry _ ddr . o,,,1 24% 11 240 yy 
ae ee ee ds,de ee 


From the four last equations we get immediately— 


cr ret Taha “a ahs TH apd iat ; 
meas aed ae a fg a aoe he 
Qu ee = i! — UU a — u'r! ah 


aS , ; ddr, ddr, ddr, ddry, 
Now the differential coefficients dst? dat) dae? dee have 


the same value, which is dependent merely upon the position 
and form of the first conducting wire, and which we shall denote 
by = . This applies also to the differential coefficients = ; 
ddr, ddr, ddryy 
agit as, Seule ds a ? 
which are dienes merely upon the position and form of the 
second conducting wire, and which for brevity we shall denote by 
ddr 
ia: 
ddr ddr ddr ddr ) 
| ight a il nS mn 
“teh (7s dslideds' * de Hal de,ds! 
_ ddr ddr, a ddr, ddr, 
dt? dt? d ¢? EPs 


all of which denote the same magnitudes, 


On summation, bearing this in mind, we have 


But from the first four equations, after they have been squared, 


we have 
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gas BF Orie ss ar? ae ae? uy 2 
Bards Pry dt? ds? ds/?? 
.2 
Biot, a! drydry _ ary + uu dr, ul » ar, 
ds,ds,| d t? ds? ay)? 
2 
Bienes ary ori sa Er dr HM a ary eb a) d Tul : 
2 2) D 
ds, as, dt ds), ds,| 
Dia? 2) dry, 27, dr Wl driy uy lL aT ee ail a dry 
“ds ds, a ae) dt? as,? d ds)?" 


dr? drip dry dry? 
Now the differential coefficients ds” ds? ds,2 ae? - have also 


r2 
the same value, which shall be denoted by oy as have likewise 


2 2 

dr, ae dry ary 
12: 2. 2: 2 

ds” ds," ds, as, Gane 

summation, keeping this in view, we have 

dr,dr, _ dr ary ary hy, Be em em) 

ds,ds| re ds! ds,ds,/ ds,ds/ 


2 2 
dr, ee ae ari, 


Tae = de Oe ae 
On substituting these values in the fifth expression found for 
the electro-dynamic force, it becomes 

ae.ae aaf(dr? dr? ary. Sty) 

Meerr ss Web? de dd?) dP? 

ddr, ddr, ddr,, ari 

—— + 
dt dt? d dE dt? 
an expression which may be resolved into the four following 
members :— 


a} 
which we shall denote by = On 


2uu' 


—2r 


ae.ae! aa dr? ree ee) 
r)P, dt? hoger fl? 
weal el aa (dr? LY be a 
TiPil dt? Wd i? aft 

uy ae.al d. aa (dr? = 40ru) 
CTT OF. Pes Fs 


1 
ae.ae! aa dr ddr 
celled ane ‘iit ea ae ul) 
TRAY 


518 WEBER ON THE MEASUREMENT 


Each of these four members refers exclusively to ¢wo of the four 
electric masses distinguished in the two elements of the current, 
viz. the first member to the two positive masses «e and a! é, 


the relative distance of which is 7,, velocity oa: and acceleration 


ddr, 

dt? ? 
negative mass — ae’ in the second element, the relative distance 
of which is 7, velocity = and acceleration a si and so on; 
and in fact all four are members of the masses to which they 
refer, the distance, velocity and acceleration of which are com~ 
posed in exactly the same manner. 

Hence it is evident that if the entire expression of the electro- 
dynamic force of two elements of a current be considered as the 
sum of the forces, which each two of the four electric masses 
they contain exert upon each other, this sum would be decom- 
posed into its original constituents, the four above members re- 
presenting individually the four forces which the four electric 
masses in the two elements exert 77 pairs upon each other. 

Hence also the force with which any positive or negative mass 
E acts upon any other positive or negative mass E’, at the 


the second to the positive mass ee in the first, and to the 


distance R, with a relative velocity of = and acceleration — 


may be expressed by 


_aa BE (dR? pddR). 
16°RR \dé ae)? 


for this fundamental principle is necessary and at the same time 
sufficient to allow of the deduction of Ampére’s electro-dynamic 
laws, which are confirmed by the above measurements. 

However, this new fundamental principle of electro-dynamics 
is in its nature more general than that formerly laid down by Am- 
pere; for the latter refers merely to the special case, in which four 
electric magnitudes are given at the same time, subject to the 
conditions premised for invariable and undisturbed elements of 
the current, whilst such a limitation to the above conditions 
does not occur in the former. This fundamental principle, con- 
sequently, admits of application in those cases where the former 
is inapplicable; hence its greater utility. 

If, lastly, the newly-discovered fundamental principle of elec- 
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tro-dynamics be compared with the fundamental principle of 
electro-statics mentioned at the commencement, we see that each 
estimates a force which two electric masses exert upon each other; 
but that in the cases hitherto considered, one of the two forces 
disappears each time, whence the other only requires consi- 
deration. This occurs first in all cases which belong to electro- 
statics, because here the force determined by the new principle of 
electro-dynamics always disappears ; but it also occurs, secondly, 
in all cases belonging to electro-dynamics which have yet come 
under consideration, where relations are constantly pre-supposed 
to exist, in which all forces estimated by the principle of electro- 
statics are mutually checked. 

Thus the two principles are complementary to each other, and 
hence they may be combined to form a general fundamental 
principle for the whole theory of electricity, which comprises both 
electro-statics and electro-dyuamics. 

By the fundamental principle of electro-statics, a force 


_ EF 
ae 


was found for two electric masses E and E! at the distance R; 
if this force be then added to that yielded by the new principle 
of electro-dynamics, 


si _.aa EF! (a ddR 
16°RR \d# dt]? 
we obtain, as the general expression for the complete determina- 


tion of the force which any electric mass E exerts upon another 
E!, whether at rest or in motion, 


EE! _ aa d R? aa ed 
RR 16" pe oh gusukin gay 


For a definite magnitude assumed for the purpose of measuring 
the time, in which a = 4, this expression becomes 


Be aR? ddR 
R (1 Fé ilove Ro) 


’ Moreover, supposing that both R and = are functions of ¢, 


consequently that as is to be regarded as a function of R, which 
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we shall denote by [R], we may also say that the potential of 
the mass E, in regard to the situation of the mass E’, is 
ay 
for the partial differential coefficients of this expression, with re- 
spect to the three coordinates «, Y> 2 yield the components of 
the decomposed accelerating force in the directions of the three 
coordinate axes. 
Lastly,if by the reduced relative velocity of the masses E and FE 
we understand that relative velocity which these magnitudes,— 
the distance of which apart at the moment supposed was R, the 


2 » the latter were 


1 = LR) s 


relative velocity ie ,and the acceleration ss 


constant,—would possess at that instant in which both, in accord- 
ance with this supposition, met at one point, and if V denoted 
this reduced relative velocity, the above expression, 


KE’ (, _ db dd 
RR Wee 
becomes converted into the following, 
EL’ 
RR (1—VV), 


which may be verbally expressed as follows:—The diminution 
arising from motion of the force with which two electric masses 
would act upon each other when they are at rest, is in proportion 
to the square of their reduced relative velocity. 

Thus the expressions given for the determination of the force 
which two electric masses exert upon one another are now con- 
firmed — 

1st. As regards the entire domain of electro-statics ; 

2nd. As regards that domain of electro-dynamics the object of 
which is the consideration of the forces of the elements of the 
current when invariable and undisturbed ; hence 

3rdly. Its confirmation, as regards all that domain of electro-dy- 
namics which is not limited to the invariable and undisturbed state 
of the elements of the current, is all that remains to be desired. 


TuHEory oF VoLTAIc INDUCTION. 


It has already been mentioned that the principle of electro- 
dynamics laid down by Ampére refers merely to the special case, 
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where four electric masses occur under the conditions premised 
to exist where two invariable and undisturbed elements of a cur- 
rent are concerned. Under conditions where these premises 
do not exist, the new fundamental principle only can be ap- 
plied for the a@ priori determination of the forces and phzeno- 
mena; and it is exactly in this way that the greater advantage of 
the new principle, arising from its more general application, will 
be exhibited. 

The case in which the principle of electro-dynamics laid down 
by Ampére is inapplicable, thus occurs even when one element 
of a current is disturbed or its intensity varies; in addition to 
which it may also happen, that instead of the other element of 

he current, one element only of the conductor of a current may 

be present, without however any current being present in it. In 
fact, we know from experience that currents are then excited or 
induced, and the phenomena of these induced currents are com- 
prised under the name of voltaic induction; but none of these 
phznomena could be predicted or estimated @ priori either from 
the principle of electro-statics or the principle of electro-dynamics 
laid down by Ampére. It will now however be shown, that by 
means of the new fundamental principle as laid down here, the 
laws for the @ priori determination of all the phenomena of vol- 
taic induction may be deduced. It is evident that the laws of 
voltaic induction deduced in this manner are correct, so far only 
as we are in possession of definite observations. 

For the purpose of this deduction the magnitudes concerned 
may be denoted as follows :—« and a! denote the length of two 
elements, the former of which, «, is supposed to be at rest. This 
supposition does not limit the generality of the consideration, 
because every movement of the element « may be transferred 
to «', by attributing the opposite direction to it in a’. The four 
following electric masses are distinguished in these two elements, 
V1Z.— 


+ae, —ae, +a'e, —ae, 


The first of these masses + «e would move with the velocity 
+ wu in the direction of the quiescent element «, which forms the 
angle © with the right line drawn from « to 2. This velocity 
during the element of time d¢ would alter by + du. 

The second mass — ae would move, in accordance with the 
determinations relating to a galvanic current, in the same direc- 
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tion as the velocity — w, i. e. backwards, and this velocity during 
the element of time d¢ would alter by — du. 

The third mass + a! e! would move with the velocity + w! in 
the direction of the element e', which with the right lines drawn 
from « to «', and produced, forms the angle @. This velocity 
in the element of time dé would alter by + dw’. Moreover, 
this electric mass would itself share the motion of the element ’, 
which takes place with the velocity v in a direction which forms 
the angle y with the prolonged right line drawn from « to «', and 
is contained in a plane lying in this right line, which with the 
plane running parallel with the element « through the same right 
line, encloses the angle y. The velocity v would alter during 
the element of time dt by dv. 

The fourth mass — a! e! would move, in accordance with the 
determinations for a galvanic current, in the direction of the 
element a', with the velocity — w', which during the element of 
time d¢ alters by — du’; but, moreover, like the previous mass, 
would itself acquire the velocity v of the element ! in the direc- 
tion already indicated. 

The distances of the two former masses from the two latter, 
at the moment under consideration, are equal to the distance r 
of the two elements themselves; but since they do not remain 
the same, they may be denoted by 7, 7, 7°35 7°4- 

Lastly, if two planes pass through the right line drawn from 
a to a, the one parallel to a, the other to «', » would denote the 
angle enclosed by these two planes. 

Then, on applying the new principle, we obtain as the sum of 
the forces which act upon the positive and negative electricity in 
the element a’, i.e. as the force which moves the element a! itself, 
the following expression :— 

aa eu are NGA, Oa ete ) 


16° rr dhe GP Fer ae 


ce eae: hire, ors Se 
dt? dt? dt? dt? 
But for the difference of these forces, upon which the induction 
depends, we have the following expression :— 
aa ae.ae { dr? dr? . drs _ are) 
16° rr di det de® dé 
ddr, “dir; ~ ddr, set 
aid ( de ade * de® ~ dt 
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Moreover, when, in addition to the motions of the electric masses 
in their conductors, the motion common to them and their con- 
ductors is taken into account, we have the following expressions 
for the first differential coefficients :— 


or = — ucos® + uw cos® + vcosy, 
dr, ! U 
a= + ucos 9 — w' cos ©! + vcosy, 
di = uC O —u cos ©! + vcosy, 
dr, ! ! 
i= + ucos © + uw cos!’ + vcos ». 


Hence 


= oe oe are) 
d@ + de de” de 


= — 8uw' cos @cosO’, 


Br er aS os) — 
ge cge t tA ae 8 uv cos O cos ». 


We obtain the second differential coefficients when the varia- 
bility of the velocity wu, w/, and v is also taken into account :— 
ddr d@, d 


@! dy 
ot te xe OL. 
aE = + usin @—7 u sin® di v sin y —1 di 


dv 
oe , dui 
cos 4 + cos @! 4 7 + cos 52, 


ddr, ith c dO, _ /, d0', = 1 dng 
ade =~ "“snO—?+u sin® di UE ee 
du ,du dv 
+ cos @ * — cos® agit COR Bers 
ddr, _ = 1 /,d0', ae ans 
df, + usin®@—3 +7 sin@'— vsiny 
eon OLE Haare ateng dy 
dt dt 1 oP 
i! 2. d8;.., . de, dng 
TB = — usin® —% —u'sin® Ti Ti 


+ cos © + cos! SU 4 cos » SY. 
2n2 
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Consequently it becomes 

ddr, ddr, ddr, se do, do, de, do, 
de tae — ae de) = +" O\ Gat dt dt 
do',_del, , doy de’, 
didi + dt di 


eg a 
dt dt dt 


—wu!' sino! 


—vsing | a 
and 


ddr, ddr, ddr, dae). de, , de, de, ds) 
qe deed ape WR = en Ge det at ad 
de', do', do’; ge) 


—— U ] ti aed ee = 
MPLION ae ke Oe aE 


dy, dy, , dnz_ dn 


een ais db Sure 
du 
—4cos®. Tk’ 
: ‘ ‘ d®, do’; dn : 
The differential coefficients “AP NAR? dt? &c. are easily deve 


loped according to the well-known laws of trigonometry; and 
we thus obtain the following expressions, viz.— 


17 = + u sin © — wu! sin ©! cosw — v siny cosy, 


7 201 = —u sine! + w sine cos w — v siny cos (w + ¥), 
rh = —vsiny + usin®© cosy —w sin@! cos (w + ¥), 
ras = —usin® + wv sino! cosw — v siny cosy, 

ry oe? = + u' sino! — u sin © cos w — v sin» cos (w + ¥), 
1 oes —vsiny — usin © cosy + uw! sin ©! cos (w + y), 
roe = +usin © + wv sin 0! cosw — v sin» cosy, 
ro = + wv sin’ + uw sin® cosw — v siny cos (w + y), 
5 dng 


—vsiny + usin® cosy + wu’ sin @! cos (w + y), 


1 
© 
nN 
™ 
Il 
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de : : ’ 
Tae, = — usin 8 — w' sin 8! cosw — v siny cosy, 
dé, rt : : 
Sree sin 6’ — wu sin 8 cosw — v siny cos (w + ¥), 
, a1 : , Abit: 
cay = —vsiny —u sin 8 cosy — wu sin 6! cos (w + ¥). 
Now since for the moment under consideration 7, =7r,=7r3;=7,=7; 
we thus get 


d0,_ de, de, de, 


ai. dt dt EE: 

d@, de®, de, d®, 

a art ar de 
again : 

de, _ de, , d0,_ de, 

dt dt dt dt 


a@,,. a6), d6' 10s) = 0; 


= —4w sin @! cosa, 


= — 4v siny cosy; 


) = + 4u sin @ cosa, 


ae” dt. -atyy Sat 
lastly : 
On ess dng _ ang 
dt dt dt dt 


dn, dy, . dng omy = : 
ghar a a aoa Nex + 44u sin 6 cosy. 


ir = 0b 


These values by substitution become 


ddr, _ddr,_ ddr; n= aes ae: 
TF ae Le a 8uw sin 6 sin 6! cos w, 


ddr, ddr, ddr; oes) =— : A 
Be soffit dr ~ dz. = —8uv sin 6 siny cosy, 


—4rcos@, 


u 
dt” 
With these values, the swm of the forces which act upon the 
positive and negative electricity in the element «'! is 


aa! 


=~ aeu. a eu (sin @ sin 6! cos w — 4 cos @ cos  y). 


If in this equation the angle which the directions of the two 
elements « and «' form with each other be denoted by «, and, as 
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in p. 511, 7 and 7! be substituted for aeu and a’ ew’, the above 
sum, with slight transposition, becomes 
Fis .agl 
= —“*** (cose — 3 cos @ cos ©’), 


the same expression at which Ampére arrived where the elements 
of the current are invariable and undisturbed, i. e. the electro- 
dynamic force acting upon the entire element «’ is determined in 
the same manner when the conductors are in motion and the 
intensities of the current variable, as when the intensities of the 
current remain invariable and the conductors undisturbed, Hence 
Ampére’s law is of general application in the determination of 
the forces, which act upon the entire element of the current when 
the position of the elements of the current and the intensities of 
the current are given. The application of this law merely re- 
quires that the intensities of the current when variable, as also 
the position when variable, be given for each individual moment, 
and further, the intensities of the currents, including that part 
added at each moment in consequence of induction. 

But as regards the difference of the forces which act upon the 
positive and negative electricity in the element a', by which these 
two electricities are separated from each other, and move in the 
conductor in opposite directions, this now becomes 


a a! 


= — —.aeu.ae'v(sin® siny cos y — 3 cos © cos 9) 
Tie 


! 

ae du 
I U 

— i— qgaee'cos®.— 
2 fr dt’ 


or, because aeu =iandae.du= di, 


! 
Aa .,. . 
= — — i(sin © siny cos y — }cos@ cosy) .aev 
i i 


I 
—i =e ae! .cos 6. 
The force thus determined then tends to separate the positive 
and negative electricity in the induced element «! in the direction 
of the right line 7. When the conductor is linear, however, 
separation cannot occur in this direction, but only in the direc- 
tion of the induced linear element «@! itself, which forms the 
angle ©! with the produced right line r. By thus decomposing 
the whole of the above separating force in this direction, 7. e. by 
multiplying the above value by cos ©', we find the force, which 
effects the true separation, 
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! 
aa. . < A 
= — — i (sin © sin 4 cos y — 5 cos © cos 9) .ae'v cos @ 


! . 
_ += ae'.cos © cos ©! = 
This expression, divided by e, gives the electromotor force 
exerted by the inducing element « upon the induced element a’, 
in the ordinary direction, 


Serf 
(an ee ; . 
=— <> (sin © sin 9 cos y — icos © cosy) . av cos ©! 


di 
dt 
This is therefore the general law of voltaic induction, as found 
by deduction from the newly laid down fundamental principle of 
the theory of electricity. 
If we now, first, take the case in which no alteration occurs in 

the intensity of the current, thus 

di 

ee 
we have the law of the induction exerted by a constant element of 
a current upon the element of a conductor moved against it, 1... 
the electromotive force becomes 


U 
aa 
— $7 @cos Ocos 6". 


! 
aa. . . 
a aaa et (sin © sin y cosy -- J cos @ cos) . av cos @', 


or, when < denotes the angle which the direction of the inducing 
element of the current forms with the direction in which the in- 
duced element itself is moved, by a transformation which is 
readily made it becomes 


ae! 


=— i (cose — 3 cos @ cosy) .avcos@’. 
The induced current is positive or negative according as this 
expression has a positive or negative value; by a positive current 
being understood one, the positive electricity of which moves in 
that direction of the element «', which with the produced right 
line r forms the angle 0’. 

Now if e. g. the elements « and 2’ are parallel to each other, 
and if the direction in which the latter is moved with the velo- 
city v is contained within the plane of these two parallels, and 
at right angles to their direction, we have, when a! by its motion 
recedes from a, 

® = @', cosy = sin®@, cose =0; 
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consequently the electromotive force is 
U 
aa... 
= + 37> / sin @ cos’ 6. av. 


This value is always positive, because we must consider 6 < 180°; 
and this positive value here denotes an induced current of the 
same direction as the inducing current, in conformity with that 
which has been found by experiment for this case. 

Under the same conditions, with the difference merely that the 
element a! by its motion becomes approximated to the element a, 
we have 

@=6', cosy=—sin®, cose=0; 
consequently the electromotive force becomes 


1 
AQ. 
= — 3——jsin @ cos? 0. av. 
2 rr 


The negative value of this force denotes an induced current, in 
the opposite direction to that of the inducing current, also in 
conformity with that found by experiment for this case. 

As is well known, voltaic induction may be produced in two 
essentially different ways; for currents may be induced by 
constant and by variable currents. It is produced by constant 
currents either when the conductor through which the current 
passes is moved towards that conductor in which a current is 
about to be induced, or vice versd. It may be induced by 
variable currents even when the conductor through which the 
variable current passes remains undisturbed as regards that 
conductor in which a current is about to be induced. 

Just as the particular law of the first kind of voltaic induction 
was at once found from the general laws of voltaic induction de- 
duced above by the conditional equation 

di 

dt 

so we also find the peculiar law of the latter kind of voltaic in- 
duction by the conditional equation 
v= 0. 

Thus if we take, secondly, the case in which no motion of the 
conductors as regards each other takes place, or where v = 0, the 
law of the induction of a variable current upon that element of a 
current which is not moved as regards it, or the value of the 
electromotive force becomes 


aa! 


di 
ee eee rae = 
= fe a cos @ cos 6.7. 


=a 05 
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Hence the induction, during the element of time d?, i. e. the 
product of this element of time into the acting electromotive 


Force, becomes 
a / ‘ 
a a z* cos © cos 0. di, 
consequently the induction for any period of time in which the 
intensity of the induced current increases by i, whilst 7, @ and 


6! remain unchanged, is 


xpi Eee ice Bech Gs 
oe ita T 
The positive value of this expression denotes a current induced 
in the element a’ in the direction of «', which with the produced 
right line r forms the angle ©'; the negative value denotes an 
induced current in the opposite direction. 

When the two elements « and a’ are parallel, and @ = 6’, the 
above expression, when the intensity of the current is increasing, 
or where the value of i is positive, has a negative value, i. e. when 
the intensity of the current is on the increase in a, a current is 
excited in a’ in an opposite direction to that of the inducing 
current. The reverse applies when the intensity of the current 
diminishes. Both results agree with well-known facts. The 
proportionality of the induction to the variation of the intensity 
i of the inducing current is also in accordance with experiment. 

Lastly, if we return from the consideration of these two distinct 
kinds of voltaic induction to the general case, where at the same 
time the intensity of the inducing current is variable and the 
two conductors are in motion as regards each other, the electro- 
motive force exerted by the variable element of a current upon 
the moved element of a conductor is found to be simply as the 
sum of the electromotive forces which would occur— 

1. If the element of the conductor were not in motion at the 
moment under consideration ; 

2. If the element of the conductor were in motion, but the 
intensity of the current of the induced element did not alter at 
the moment under consideration. 
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ARTICLE XV. 


Memoir on the Nocturnal Cooling of Bodies exposed to a free 
Atmosphere in calm and serene Weather, and on the resulting 
Phenomena near the Earth’s surface. (Second Memoir.) By 
M. MELLOoNI*. 


[Read to the Royal Academy of Sciences of Naples on the 28rd of February, 
and 9th and 16th of March 1847. ] 


THE experiments described-in the First Memoir (p. 453) 
tended to prove— 

1. That the emissive power of metals is much weaker than 
has been hitherto supposed; and that a thermometer contained 
in a tin or copper case, exposed at night in the middle of the 
fields, at a distance from substances which radiate heat strongly, 
indicates very nearly the true temperature of the stratum of air 
in which it is plunged, whatever be the state of the sky and the 
calm of the atmosphere. 

2. That two thermometers, armed with their metallic cases, 
one of which is polished and the other covered with lamp-black, 
suspended in the free air by threads or tubes of metal, at the 
same height, and during calm and clear weather, always mark 
different temperatures, the blackened thermometer being con- 
stantly lower than the polished one. 

3. That the difference between the two radiations disappears 
under the influence of a strong wind, or of a sky covered with 
clouds, and is consequently the result of the unequal radiation 
of the thermometers towards space, as has been admitted in 
physics with reference to the nocturnal cooling of plants, since 
the labours of Wells on the subject of dew. 

4. That the effect of the radiation of lamp-black is neverthe- 
less greatly inferior to that which is generally attributed to vege- 
table substances; for instead of 7° or 8°, it is 1°5 or 1°-7 in the 
most favourable circumstances, which cannot be ascribed to an 
inferiority in the emissive power of lamp-black as compared with 
vegetables, but rather to the faulty method employed for deter- 

* Translated from the Annales de Chimie et de Physique for April 1848, 


by the Rev. A. W. Hobson, M.A., St. John’s College, Cambridge. The first 
Memoir will be found at page 453 of the present volume. 
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mining the temperatures of the air and of the plants; in fact, if 
we substitute a vegetable leaf for the lamp-black in the arrange- 
ment adopted in our experiments, the cold produced on the 
thermometer is no more than from 1° to 2°, as in the observa- 
tions above named. 

5. That cotton and woollen stuffs communicate to the ther- 
mometers degrees of cold three or four times as great as those 
obtained by means of lamp-black and vegetable leaves; that 
such excess is diminished by condensing the matter round the 
bulb of the thermometer, and is reduced to the fraction of a 
degree in the case of cotton and woollen stuffs of fine and close 
texture; whence it follows, that the greater energy of these sub- 
stances arises scarcely from their greater radiating power, but 
from the air interposed between the threads of which they are 
formed. 

6. That the degree of cold due to the nocturnal radiation of 
bodies, does not vary with the varying temperature of the atmo- 
sphere. 

We shall now endeavour to prove that certain nocturnal dif- 
ferences of heat, humidity, and aqueous precipitation, do not 
arise, as is tacitly admitted in Wells’s theory, from the direct 
action of the cold due to the radiation of plants and from the ex- 
posed portions of the ground; and that almost all the facts 
which precede and accompany the formation of dew, result from 
the presence (of shorter or longer duration) of the air around the 
radiating surfaces. Consider, in the first place, a large and fer- 
tile meadow, well furnished with grass, where the phenomenon 
of dew is developed in all its glory. Suppose the air to be calm, 
the sky pure and clear. In order to make the reasoning clearer, 
omit the consideration of the higher regions of the atmosphere, 
and let us divide the rest into two strata,—the lower, which 
} scarcely rises above the grass of the meadow; the higher, which 
) extends upward from this limit 50 or 40 metres. And although 
| experience has shown us that the cold due to the nocturnal ra- 
| diation of plants, that is, the lowering of their temperature below 
that of the surrounding medium, sometimes reaches 2°, let us 
Suppose it to be only 1°, and let it not be forgotten, that this 
| degree of cold is always the same, whatever be the temperature of 
the atmosphere. 
| If the air is at 20°, the higher portions of the grass will de- 
| scend to 19° a few minutes after sunset; the air in contact with 
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them will be cooled, will descend into the interior of the meadow, 
and reach the ground. This movement of descent along the 
leaves and stems will necessarily restore to it a portion of the 
lost heat, and will force it to reascend towards the higher part of 
the meadow, where it will undergo a fresh cooling, which will 
cause a second descent, and soon; so that, the air of the meadow, 
or of our /ower stratum, impelled by two opposite influences, 
will soon take a circulatory motion, entirely analogous to that 
observed in the water of a vessel placed on the fire. The cold 
produced at the surface of the meadows will be gradually trans- 
mitted, by this aérial circulation, to the lower parts, which will 
also be cooled; and, on the other hand, both by radiation and 
by their contact with the superior portion of the stems, the tem- 
perature of the whole mass of air which is put in motion in 
the interior of the meadow, will fall. Suppose it sunk to 19%5. 
Now, according to the law which we have just referred to, the 
grass ought to maintain itself constantly 1° below the surrounding 
air: it will then have acquired half a degree of cold, and have 
sunk from 19° to 18°°5. 

By repeating the same reasoning in these new conditions of 
temperature, it is evident that the air will fall to 19° and the 
grass to 18°. After that, the air arriving at 18°°5, the grass will 
descend to 17°*5, and so on in succession ; so that by the action 
of the grass on the air, and by the reaction of the air on the 
grass, the temperature of the lower stratum will be gradually 
lowered several degrees, and the space encumbered by the herb- 
age of the meadow preserving all its vapour, will necessarily ap- 
proach the state of saturation. Then, the thermometer introduced 
into this space will mark a temperature much lower than that 
of the higher stratum; the hygrometer will there be kept near 
its maximum of humidity, and the slightest degree of cold will 
suffice to precipitate the aqueous vapour on the bodies which 
are immersed therein. 

Before studying the distribution of the dew and of the cold 
at different depths of the meadow, let us remark, that the extra- 
ordinary lowering of temperature presented in the preceding 
experiments by the thermometers enveloped with cotton or wool, 
compared with varnished or blackened thermometers (see the 
first part of this memoir), is the result of an action entirely ana- 
logous to that we have just been examining. In fact, the air, 
cooled by contact with the higher portion of these envelopes, 
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penetrates into the interior, and tends to fall towards the ground 
in virtue of its greater specific gravity; but the mechanical 
obstacles, and the attraction of this multitude of interlacing 
threads, hold it suspended for some time in the neighbourhood 
of the parts which radiate towards the sky; there is thus pro- 
duced a series of actions and reactions similar to that we have 
just examined, and the mixture of air and of cotton or wool is 
much more cooled than the simple stratum of varnish or lamp- 
black applied to the thermometer. It is for the same reason 
that, ceteris paribus, those plants whose leaves are hairy acquire 
a rather lower temperature than those whose leaves are smooth 


_ and free from pubescence, and consequently are covered with a 


greater quantity of dew. But to return to the meadow. In order 
to indicate the portions of grass which are the most cooled by 
virtue of radiation, we have just now employed constantly the 
term “ higher” instead of “summit,” because, on examining the 
facts with a little attention, it is quickly seen, that if the first 
impression of greatest cold is produced at the outset at the super- 
ficial portion of the meadow, the minimum of temperature soon 
quits the surface, and is transferred to the interior. 

Suppose, in fact, our “ lower stratum” divided into three sub- 
divisions or elementary strata; the first composed of the air 
which envelopes the summit of the herbage ; the second, formed 
of the subjacent part, where the leaves are more numerous, and 
more or less exposed to the aspect of the zenithal region (which, 
according to preceding observation, is the most active of all in the. 


_ phzenomena of nocturnal radiation) (see First Memoir); finally, 
_ the third, composed of the air which embraces the stems and 


leaves, entirely shut out from the aspect of the sky. The sum- 


mits of the grass certainly are placed in the most favourable 


conditions for radiating their heat freely into space; but the 


leaves are few there, and exposed to atmospheric disturbances, 


so that the small quantity of air which is cooled by contact with 


_ them scarcely produces any sensible effect on the rest of the 


stratum. The middle portion of the meadow, being more co- 


_piously provided with leaves and more sheltered, without being 


withdrawn from the so-powerful influence of the zenithal region, 
still further cools the corresponding air. As to the lower por- 


tion, which is totally shut out from the aspect of the celestial 


vault, it can only transmit to the surrounding air the cold de- 


rived from the communication of the stems, or from its radiation 
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towards the upper leaves, and consequently the temperature of 
the last elementary stratum will, at first, be the highest of all. 
But the air of the two upper strata will descend by virtue of its 
greater specific gravity, and will at the same time react on the 
radiating portions of the grass; this reaction will be the more 
energetic the more slowly the movement takes place. Now the 
obstacles are less numerous in the first stratum than in the 
second ; the air, therefore, will react more strongly in the latter 
case ; and having thus caused a greater depression of tempera- 
ture in the middle portion of the grass, it will itself participate 
in this excess of cold through contact, and in its descent will 
communicate it to the upper portion of the third subdivision, 
which, again, will itself finally acquire a lower temperature to 
that of the former. 

Thus the solid portions comprised in the three strata into 
which we have supposed the grass of the meadow divided, com- 
mence by a cooling proportioned to the quantity of heat which 
each of them can vibrate freely towards space ; but the reaction 
of the surrounding medium soon disturbs this order of things 
to such an extent as to render coldest the leaves and stems, 
which are much less exposed to the aspect of the sky than the 
summits of the herbage. The thermometer then ought to maintain 
itself lower, when plunged to a certain depth in the grass, than 
when placed in contact with the surface; which is in accordance 
with experiment*. This distribution of cold, and the greater 
humidity which prevails in the midst of the grass, in consequence 
of the evaporation from the ground, the transpiration of plants, 
and the difficulty of renewing the air, will necessarily render the 
precipitation of vapour more prompt in the interior than at the 
surface of the meadow. But the descending motion of the air 
continuing constantly in consequence of the cold due to the 
upper portions of the grass, and the ascending motion in conse- 
quence of the heat of the soil, if this is not too moist, its surface 
will soon be dried. 

Then, the cold air which descends will itself become dried, 


* If the earth had no atmosphere, the minimum of temperature would 
always be found in the parts most exposed to the aspect of the sky ; a thermo- 
meter imbedded in the interior of the meadow would, at every hour of the 
night, mark a higher temperature than that of a second thermometer placed 
in contact with the summits of the grass. By this we see how much the pre- 
sence of the air modifies the effects of nocturnal radiation, and how great has 
been the error of neglecting the reaction of this fluid in the theory of dew. 
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being heated by contact with the terrestrial surface, and may 
easily, on its again ascending, evaporate the first drops of water 
deposited on the lower portions of grass, and again allow them 
to be afresh precipitated on the higher leaves. This successive 
transportation of dew will never occur in wet or very moist soils ; 
and the lower portions of grass will there preserve the water con- 
densed on their surface. But both in one case and in the other, 
the first appearance of the phaznomenon will take place at a 
short distance from the soil, and will afterwards extend itself to 
portions of the plants more and more elevated, just as if the dew 
rose out of the ground and gradually rose in the atmosphere. 
Such, in fact, was the opinion of the ancient philosophers, gene- 
rally adopted by those of the last century ; and such is still the 
fundamental idea of the hypothesis maintained at this day by 
certain experimenters, who consider the phenomena which we 
have been describing as altogether contrary to the explanation 
of dew derived from the cooling produced by radiation. 

Another fact, which, according to the same experimenters, also 
supports this alleged contradiction, is, the abundance of dew in 
perfectly calm weather. It is very true that great tranquillity 
in the atmosphere is remarkably favourable to the deposition of 
dew ; that the least wind diminishes it, instead of increasing it, 
as has been wrongly maintained of late ; and that frequently the 
water deposited amounts to a much greater quantity than could 
arise from the elastic vapour contained in the small quantity of 
air placed in contact with the leaves and other radiating sub- 
stances. 

But we have seen that the lower stratum of the atmosphere 
(as we have termed it) loses its state of equilibrium in conse- 
quence of the nocturnal radiation of vegetables, and takes a rota- 
tory movement, which commences in the first place by cooling 
the whole fluid mass of which it consists, and afterwards conti- 
nues when the air deposits the vapour it contains; so that the 
fluid in contact with the leaves changes at every instant, be- 
comes cooler and cooler, and, by fresh precipitations, increases 
the liquid drops scattered over the surfaces of bodies. 

Let us add, that the quantity of water deposited does not de- 
pend solely on the vapour disseminated through the atmosphere, 
but also, and principally, on the humidity of the soil; and that 
it is most copious when the ground is saturated with water, as 
any one may easily convince himself in countries where artificial 
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irrigation is practised. The air, in this case, becomes completely 
saturated every time it comes in contact with the soil; the quan- 
tity of vapour which it deposits by superficial contact on sub- 
stances cooled by radiation, is much greater than in the case of 
a dry or nearly dry soil; and since these effects always ensue in 
virtue of the circulation established in the lower stratum of the 
atmosphere, we see that the air of this stratum forms a sort of 
vehicle, by means of which the liquid spread over the surface of 
the earth is successively carried to the surface of plants and 
other bodies cooled by nocturnal radiation. Now, it will be under- 
stood, that in order for this transportation to go on regularly, the 
atmosphere must be calm; the slightest breeze disturbs it, and 
it is entirely destroyed by strong winds, which moreover (as 
Wells had already observed) introduce another cause of disturb- 
ance into the process, by communicating their own temperature 
to plants, and thus causing that slight difference between the 
temperature of solid bodies and that of the surrounding me- 
dium to disappear, on which, in fine, the phenomenon of dew 
depends. 

Some have pretended to discover proofs of the existence of a 
current of warm vapour exhaled by the earth, and an objection 
against the principle of nocturnal radiation, in the different pro- 
portions of water deposited, during calm and clear nights, on the 
two surfaces of a bell-glass inverted on the ground; for it often 
happens that the dew is more copiously formed on the inside 
than on the outside of the vessel. But this fact by no means 
justifies the conclusion ; for the phenomena of circulation and 
aqueous precipitation just described with reference to the air and 
grass of a meadow, are also produced in the interior of the vessel, 
the sides of which are cooled by radiation: these actions be- 
come even more intense in this case, because the imprisoned air 
is sheltered from the least atmospheric disturbance ; and we have 
just seen that the quantity of water condensed on the outside 
depends, on the contrary, on the degree of calm in the atmo- 
sphere. Hence, the slightest degree of wind will suffice to ren- 
der more abundant the precipitation on the interior of the bell- 
glass, without leading to the conclusion of an increase favouring 
the pretence of an exhalation of vapour from the earth, and con- 
trary to the theory of dew founded on the cold produced by noc- 
turnal radiation. 

Nothing then is simpler now than to comprehend why a 
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radiating body, such as a piece of wood or stone, placed on a 
moist soil, towards sunset, is abundantly covered with dew on 
its lower side before a single drop of liquid appears on the upper 
surface. The body submitted to the frigorific action of the sky 
is in contact with two masses of air,-—the one, at rest and humid, 
because it is sheltered and situated close to the earth’s surface ; 
the other, less humid, and exposed to the changes of the atmo- 
sphere. The former then will be more disposed than the latter 
for the precipitation of vapour, and the dew ought to show itself 
first on the side turned towards the soil; it may even exist only 
on this surface, if the air has but little moisture or is agitated 
by wind. Hence the experiment of a plate covered with waxed 
cloth, which, being placed on the grass, was found sometimes 
to be moistened only on its lower surface, by no means proves 
that the dew is exhaled from the ground, like those clouds of va- 
pour which are seen to arise from a vessel full of hot water. 

Neither does the humidity which sometimes appears, towards 
the end of the night, on the surface of a dry soil, constitute an 
argument favourable to this hypothesis and contrary to the prin- 
ciple of nocturnal radiation, as some have maintained. In fact, 
two causes may contribute, either conjointly or separately, to 
the production of the phenomenon. Every one knows, that, 
when a moist soil becomes dry by means of wind or solar radi- 
ation, the water which has penetrated to a certain depth ascends 
by capillary action, and again moistens the surface when the 
permanent cause of the drying has ceased. Moreover, the un- 
covered soil is itself endowed, like the grass, with a proper radi- 
ation of its own, capable of cooling and of bringing upon it the 
deposition of the atmospheric vapour, especially in the long and 
humid nights of autumn, during which the cold engendered by 
the radiation of the surface penetrates more deeply, and can no 
longer be compensated by the heat of the internal strata. 

The details into which we have entered are more than suffi- 
cient to prove that the reproach which has been cast several 
times on the partisans of Wells’s theory, that they have neglected 
to take into account the moisture of the soil, is altogether un- 
founded ; these philosophers, on the contrary, in accordance with 
the vulgar notions in this respect, refer the whole atmospheric 
humidity by which dew is caused, to the water spread over the 
surface of the earth. In fact, vapour, in its elastic and invisible 
state, penetrates the atmosphere, not only by the means of rain, 
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but also by the evaporation, more or less abundant, of the sea, 
lakes and rivers; the winds afterwards transport it, and spread 
it even to those countries where water is scarcest. If the air 
and soil are impregnated with moisture, which is the case in 
regard to calm and clear nights that succeed a season of rain, 
the dew shows itself everywhere in the greatest profusion. But 
when the weather is extremely dry and the air calm, the local 
action predominates, especially during the night, when the equi- 
librium of the atmosphere is not disturbed by the presence of 
the sun; and in this case the atmospheric humidity is in pro- 
portion to the proximity of the sources. Now in order to cause 
the air to deposit its vapour, it is necessary that there be a fall 
of temperature, more or less considerable according to the degree 
of humidity prevailing: the precipitation of the atmospheric 
vapour, therefore, will be more slow and scanty in proportion as 
we remove further off from the reservoirs of water, and will cease 
entirely at a certain distance, if the air be sufficiently dry, what- 
ever may be the degree of cold which bodies acquire under the 
influence of a pure and calm sky. This is the reason why, in 
seasons of great dryness, dew no longer shows itself except on 
plants situated in marshy or watered places, along the borders 
of lakes, ponds and rivers. 

The nocturnal frigorific action exerted by vegetables on the 
surrounding air, and the reaction of this fluid on the vegetables, 
can never cease until the heat communicated by the earth to the 
plants is equal to the heat lost by the radiation and the contact 
of the air. And this state of equilibrium in a system of bodies 
so heterogeneous appears to require a considerable time; for if 
the sky be clear and the air calm during the whole of the night, 
the temperature goes on decreasing at the earth’s surface, even 
till sunrise. Hence in calm and clear weather, the lower strata 
of the air ought to be the more humid in proportion as the night 
is the more advanced. It is for this reason that, ceteris paribus, 
the dew is precipitated in greater abundance, and penetrates 
more deeply into the interior of the tufts of plants, hedges, and 
groves, towards morning than in the earlier hours of the night; 
and that the phenomenon shows itself more copiously in autumn 
than in summer, when, in consequence of the short absence of 
the sun, the radiation of plants and the circulating movement of 
the surrounding medium do not last long enough to produce any 
great humidity in the lower region of the atmosphere. 
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Every one has doubtless remarked that the dews are less 
copious in the earlier part of spring than in the equally long 
nights of the latter part of autumn. To see clearly the cause of 
this difference, it will be sufficient for us to observe, that the 
leaves, whence arises the greatest portion of the cold manifested 
at night in the lower strata of the atmosphere, are few and small 
at the beginning of the former season, large and numerous at 
the end of the latter; so that the cold, and consequently the in- 
creased degree of humidity, being greater in the latter case, the 
precipitation of dew is also more abundant. Add to this, that 
the quantity of elastic vapour existing in a given space increases 
more rapidly than the temperature; and since the diurnal heat 
is generally greater in autumn than in spring, we see that under 
the influence of the same radiation, there ought to be a greater 
quantity of vapour precipitated in the former season. The thick- 
ness of the stratum of air cooled at night by the contact of plants, 
will evidently depend on the nature and on the luxuriance of the 
vegetation ; it will be large in meadows abundantly clothed with 
long grass of thick and vigorous growth, less in those where the 
herbage is low and poor, and still less on naked soils. The same 
theory will hold with regard to the position of the minimum 
of temperature, which will be found quite close to the soil in 
naked places, and can scarcely exist, as we have just seen, either 
at the base or at the summit of the grass, and will maintain 
itself near the numerous and compact leaves which are subject 

to the action alone of the zenithal part of the heavens. 

These direct consequences of the theory have been perfectly 
confirmed by those persons even who deny the origin of dew 
founded on nocturnal radiation, and who think to explain the 
phenomenon by the exhalation from the soil. In fact, these 
gentlemen have found the maximum of cold at the height of 
7 inches in a meadow covered with a luxurious vegetation, at 
the height of 2 inches in a meadow recently mown, and at a 
fraction of a line above the soil beaten down and entirely de- 
prived of grass. Their thermometers, badly prepared for these 
sort of observations, being placed in contact with the leaves of 
different species of plants, gave indications sometimes equal, 
sometimes lower, and scarcely ever higher, to those of thermo- 
meters freely suspended at the same elevation above the soil. 
And in spite of results so little conformable to their views, they 
have persisted in maintaining that the depression of temperature 
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observed at night in plants does not arise from their radiation, 
but from the presence of a thin stratum of cold air, which at sun- 
set suddenly appears near the terrestrial surface; thus substi- 
tuting the effect for the cause, and therefore falling into one of 
the greatest errors with which observers of nature can be re- 
proached. The cold produced by the radiation of vegetable 
leaves, of the soil, or of any other substance exposed to the noc- 
turnal influence of a calm and clear sky, always precedes, as we 
have said, the fall of dew. The condensation of the vapour at 
first communicates to the radiating substance the heat disen- 
gaged in passing from the aériform to the liquid state ; but this 
heat is soon destroyed by virtue of the great emissive power of 
water; so that the moistened body, always preserving a tempe- 
rature lower than that of the surrounding medium, continues to 
envelope itself with dew. All this may easily be verified in the 
fields by means of observation and of our thermometer pre- 
pared with the cork and metallic armature. 

It must nevertheless be remarked, that in certain cases the 
nocturnal temperature of plants, under a clear sky, may equal, 
and even surpass for a few instants, the temperature of the sur- 
rounding air, when, in the midst of the calm, and the phzno- 
mena of cold and of dew which thence result, a sudden breeze 
comes and carries off from the radiating body the air which sur- 
rounded it, and substitutes in its place that of other bodies 
placed in conditions more favourable to cooling. For instance, 
the grass under a tree, enveloped suddenly in the air carried off 
from the neighbouring meadow, will at first show itself warmer 
than the surrounding medium, and will come at length to ac- 
quire the same temperature, if the action of the wind be suffi- 
ciently prolonged. But these anomalies are rare and easily 
recognised, because of the wind which must necessarily precede 
or accompany them. 

We have seen in the former memoir, that two of our thermo- 
meters with metallic armature, one of which was polished and 
the other covered with lamp-black, varnish, sawdust or leaves 
of plants, marked the same temperature in the free air, when 
care had been taken to shut them out from the aspect of the sky 
by means of metallic vessels closed on all sides; but that they 
indicated different temperatures the instant that the covers of 
the receptacles were removed; for then the former remained 
nearly immoveable, whilst the second descended 3° or 4° in a few 
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minutes. This experiment is sufficient to explain the small 
quantity of dew which is remarked under trees, in the interior 
of hedges, and in all places where the calorific communication 
between the sky and the earth is more or less intercepted; the 
radiating substances in these cases remain more or less dry, 
because the cold resulting from their nocturnal radiations is 
nothing, or less decided than in open places, as we may easily 
prove moreover directly by aid of the thermometer. 

It would be needless to add, that the influence of the clouds 
on dew, and the cold which precedes and accompanies it, is per- 
fectly analogous to that of trees, or of any other obstacle which 
intercepts more or less the view of the celestial vault from the 
radiating body. The upper clouds diminish, the lower ones 
completely destroy, the difference between the temperature of 
plants and that of the surrounding medium, and with it the 
gradual cooling, the increasing humidity, and the precipitation 
of vapour. 

It is well known that the dew is less abundant on shrubs than 
on herbaceous plants, and that scarcely any traces of this noc- 
turnal phenomenon are found on the summit of trees of a cer- 
tain height. The explanation of this fact presents itself at once, 
if we consider that, in spite of their great emissive power, the 
leaves of lofty plants cannot become so much cooled as the grass 
of the meadow, nor precipitate the same quantity of water :— 

1. Because they are more exposed to the action of winds than 
the leaves of plants nearer the ground. 

2. Because the atmospheric stratum which envelopes them is 
less moist than that in contact with the soil. 

3. Because the air which becomes cooler and condenses itself 
around them traverses the mass of foliage, and falls to the ground 
without the power of reascending, as in the case of the grass, 
towards the upper leaves, or of reacting on it or sufficiently 
lowering its temperature, and thus acquiring the degree of 
moisture necessary to a copious precipitation of dew. 

The currents of air which descend from the top of the trees, 
must, like every other agitation of the atmosphere, disturb the ac- 
tions and reactions between the neighbouring bodies and the me- 
dium which surrounds them, and thus render less intense the degree 
of cold which these bodies would acquire in a calm atmosphere. 
Consequently the grass situated close to trees will be less cooled 
and less moistened by dew than that which is in the middle of 
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the meadow, not only because its radiation into space is wholly 
or partly intercepted, but also because the medium surrounding 
it is less tranquil; and the union of these two causes will pro- 
duce the marked difference which is found, during calm and 
clear nights, in passing from the open field to a wood or from 
the wood to the fields. 

When we reflect on the numerous inequalities of temperature 
resulting, as well by night as day, from the nature, the form, the 
exposed state or the culture of the soil, we soon become con- 
vinced that absolute equilibrium never exists in the atmosphere ; 
what we call a calm atmosphere is, properly speaking, only a less 
violent agitation of it. It is in consequence of this incessant 
perturbation of the atmosphere, that the stratum of air cooled 
by contact with plants and the soil gradually mingles itself with 
the upper strata, even in the seasons of greatest apparent calm ; 
moreover, the quantity of air condensed by contact with plants 
will go on increasing upon the soil as the night advances, and 
will attain greater and greater heights. Hence the origin of the 
two facts discovered by Peclet and Dufay, namely, the nocturnal 
inversion of the atmospheric temperature, which in calm and 
clear weather diminishes instead of increasing (as it does in the 
day-time) on approaching the soil, and the precipitation of dew 
becoming retarded on a substance isolated or surrounded by 
plants in proportion as its distance from the earth’s surface is 
increased. Hence the limits which we have supposed between 
the two strata, “ wpper” and “ lower,” will never be very distinct; 
and the cold and humidity will diminish by insensible degrees 
as we rise in the atmosphere. It will nevertheless be under- 
stood, that the transition will be more or less abrupt according 
to the nature of the soil and the time of observation ; and if the 
air were coloured so as to be perceptible in the dusk, we should 
see at night this colour become more marked near the earth’s 
surface up to a certain height, preater in proportion as the night 
is further advanced, and thus form a kind of zone, of greater or 
less magnitude and distinctness, which would follow the general 
distribution of vegetation, attaining its maximum of intensity on 
meadows and fields clothed with low plants, growing thick and 
close, and spreading on all sides as far as the furthest boundary 
of the horizon. . 

From all that precedes, it follows that Wells’s principle with 
regard to the formation of dew in virtue of the radiation of bodies, 
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may be completely defended against the violent attacks to which 
it has been subjected of late; that, nevertheless, the radiating 
substances are cooled much less than was supposed, in conse- 
quence of the bad arrangement of the instruments formerly em- 
ployed in these kind of researches. On the other hand, both Wells, 
his partisans and his opponents, appear to have paid no atten- 
tion to the important part played in this phenomenon by the 
well-known fact of the invariable difference between the tempe- 
rature of the air and that of the radiating body; so that every- 


_ body has completely overlooked the reaction of the medium, which 


exerts so remarkable an influence over the distribution and the 
intensity of the cold produced by the nocturnal radiation of the 
soil. We have endeavoured to supply this deficiency ; and, 
taking for our point of departure the feeble degree of cold which 
is incontestably produced in vegetables and every other radiating 
substance exposed to the free air in a calm and clear night, we 
have arrived at a clear explanation of,—1st, the great difference 
of temperature between the air which envelopes the low plants 
of meadows and fields, and the superimposed air; 2nd, the 
greater degree of cold in the interior than at the surface of 
meadows; 3rd, the great humidity which always prevails in the 
stratum of air wherein the plants are immersed, from the first 
moment of the precipitation of dew ; 4th, the favourable influence 


of a perfect calm in the atmosphere; 5th, the accumulation of 


dew during the whole of the night; 6th, the more copious 
formation of dew from midnight to daybreak, than from sunset 
to midnight; 7th, its abundance on plants which have smooth 
leaves; 8th, its small quantity on trees, in comparison with what 
is deposited on the grass; 9th, its transportation, or progressive 
invasion from a lower to a higher region ; 10th, its different pro- 
portions in different seasons; 11th, and finally, all the circum- 
stances, without exception, which precede and accompany, at 
any period whatever of the year, the appearance of dew on the 
earth’s surface. 

The principle of the invariable lowering of the temperature of 
bodies exposed to the free air during calm and clear nights, 
below the temperature of the atmosphere, constitutes therefore 
the fundamental base on which rests the theory of the pheno- 
menon which we are studying. 

Let us recapitulate. Dew is not an immediate effect of the 
cooling produced by the nocturnal radiation of vegetables on the 
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vapour of the atmosphere, as most treatises on physics and me- 
teorology assume, but the result of a series of actions and reac- 
tions between the cold due to the radiation of plants and the cold 
transmitted to the surrounding air. The grass is cooled but 
little below the temperature of the air, but it very quickly 
communicates to it a portion of the acquired cold; and since 
the difference of temperature between the radiating body and 
the surrounding medium is independent of the absolute value of 
the prevailing temperature, the grass surrounded by colder air 
still further lowers its temperature and communicates a new 
degree of cold to the air, which reacts in its turn on the grass, 
and compels it to acquire a temperature still lower, and so on in 
succession. Meanwhile the medium loses its state of equili- 
brium and acquires a sort of vertical circulation, in consequence 
of the descending motion of the portions condensed by the cold 
of the upper foliage, and the ascending motion of the portions 
which have touched the surface of the earth. Now, the gradual 
‘cooling and the contact of the soil evidently tend to augment 
the humidity of the stratum of air, and thus bring it by degrees 
towards the point of saturation. Then the feeble degree of cold 
produced directly by the radiation of bodies, suffices to condense 
the vapour contained in the air which surrounds them ; and since 
the causes which give rise to the circulating movement and to 
the humidity of the air continue through the whole of the night, 
the quantity of water deposited on the leaves increases inde- 
finitely. 

The greatest part of the nocturnal cooling is due to the deve- 
lopment of the leaves, which presents to the sky an immense 
number of thin bodies having large surfaces, and almost com- 
pletely isolated: this is the reason why the dews are so feeble in 
winter and less copious in the nights of the early part of spring 
than in the equally long nights of autumn. Dew is also more 
abundant in autumn, because the days being then warmer than 
in spring, and the vapour increasing more rapidly than the tem- 
perature, the same degree of cold (such as the invariable de- 
pression of the temperature of plants below that of the atmo- 
sphere) condenses a greater quantity of vapour. The slightest 
breath of wind disturbs the circulation of the lower atmospheric 
stratum, and necessarily diminishes the accumulation of dew. 
A strong wind impedes its formation by bringing fresh supplies 
of heat, and especially by renewing incessantly the stratum of 
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air comprised between the summit of the plants and the surface 
of the earth, and thus taking away from it the possibility of gra- 
dually acquiring that high degree of humidity necessary to the 
precipitation of the vapour, by reason of the small degree of cold 
which the plants contract with regard to the surrounding medium. 

The differences in the quantity of dew on different substances 
all arise, either from their difference of emissive power, or from 
the diversity of their situation with regard to the heavenly vault, 
or from the hygrometric condition of the surrounding space, or 
from the greater or less obstacles which retard the descent of 
the air, and thus more or less favour its frigorific reaction ; or, 
lastly, from the proximity of the soil, which permits the return 
of the air on the radiating substances, and gives rise to that 
aérial circulation, whence result the gradual cooling and suc- 
cessive augmentation of humidity in the lower stratum of the 
atmosphere. 

To complete the study of our subject, it now only remains for 
us to examine the intensity of the nocturnal radiation and the’ 
distribution of dew in the different regions of the globe. 

Many observations have been made to determine the diurnal 
temperature in different parts of the world, but very few with 
the object of determining the nocturnal heat; so that we are 
almost entirely ignorant as to what are the true proportions be- 
tween the temperatures of day and night in different latitudes 
and seasons of the year. In accordance, however, with the 
preceding remarks, it is seen that in calm and clear seasons 
the difference between the temperature of the day and of the 
night ought to be so much the greater as the vegetation is 
richer and the night longer; and we have already observed, 
that in the nights of the early part of spring, vegetation 
being but little developed, the temperature is less lowered than 
in the latter part of autumn, when the plants still preserve a 
part of their foliage. We shall now add, that in those countries 
where the foliage is generally narrow and vertical like that of 
New Holland, the nocturnal temperature ought to be less dimi- 
nished, relative to the diurnal temperature, than in places of 
the same latitude covered with plants analogous to those which 
grow in other countries. 

But, laying aside everything depending on the alternations of 
the seasons in our temperate climates, and on the differences of 
vegetation in countries situated under the same latitude, it is 


546 MELLONI ON THE NOCTURNAL COOLING OF BODIES. 


easy to convince ourselves, that the greatest difference between 
the temperature of the day and that of the night will occur 
under the torrid zone, and that there also the dews will, in 
general, be more abundant than in any other part of the globe. 
In fact, in cold and temperate countries, the two principal ele- 
ments of nocturnal radiation proceed (so to speak) in opposite 
directions ; since the night is long when the earth is destitute of 
vegetation, and short when the plants are richly clothed with 
foliage. But under the equator vegetation never fails, the 
night is always long, and almost entirely without twilight ; and 
in the neighbouring countries forming the torrid zone properly 
so called, when the night-time slightly exceeds the period of 
daylight, the rain falls in torrents, and plants are more richly 
clothed with leaves than at any other season of the year. The 
greatest difference, then, between the temperature of the days 
and that of calm and clear nights, will occur in the equatorial 
regions, a short time after the rainy season; and as there will 
then prevail in the atmosphere a high degree of humidity, the 
dew itself also will be very abundant at this season. On the 
other hand, since the torrid zone possesses the highest known 
atmospheric temperature, the nocturnal cooling ought to preci- 
pitate there a larger quantity of water than in any other country, 
by reason of the divergence above mentioned between the pro- 
gression of the vapour and that of the temperature. In fact, the 
dews are so copious in the equatorial regions, that M. de Hum- 
boldt does not hesitate to compare their effect with those of rain 
itself. 

A curious fact, and one not much known, which seems at first 
sight to contradict what we have been saying, is the extreme 
feebleness or the absolute non-existence of dew, in that extensive 
assemblage of smail islands in the torrid zone, generally fertile 
and more or less rich in plants, which geographers denominate 
Polynesia. : 

But, with a little attention, it will soon be seen that this ap- 
parent anomaly affords one of the most striking confirmations of 
the truth of the theoretical views unfolded in the course of this 
memoir. In fact, whatever may be the humidity of these small 
islands, scattered here and there in the vast ocean like oases in 
a desert, and their tendency to the cooling produced by the long 
nights and luxuriant vegetation, the small extent of their terri- 
tories renders the atmospheric column superincumbent on each 
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of them easily permeable even to its centre, by the air of the 
surrounding sea. This invasion is, moreover, favoured by the 
trade-winds which prevail constantly in those latitudes. Now 
we know that the air in the midst of vast seas preserves a 
nearly uniform temperature. The stratum of air cooled by the 
contact of the soil will, then, be warmed by mixing with the 
air which is constantly reaching it from the sea, and the differ- 
ence betweeen the temperatures of the day and night being ex- 
tremely small, dew can scarcely be formed at all, or at any rate, 
in very slight quantity. 

Perfectly analogous causes prevent the formation of dew on 
ships which traverse the vast solitudes of the ocean. But what 
is truly singular, is the appearance of the phenomenon on board 
these same ships on arriving afterwards in the neighbourhood 
of terra firma. Thus, the navigators who proceed from the 
straits of Sunda to the Coromandel coast, know that they are 
near the end of their voyage when they perceive the ropes, sails, 
and other objects placed on the deck, become moistened with 
dew during the night. (Le Gentil, Voyages, tome i. page 625.) 
‘The reason of this strange phenomenon will readily be seen, if 
we start from the fact (well established by experience), that, in 
the equatorial regions, the sea-air preserves, not only a nearly 
constant temperature by day and night, but also an hygrometric 
state considerably removed from the point of saturation; and 
' that the reverse is the case with regard to the air on land, which 
in the day-time is drier than the air of the sea, but which in the 
night may readily acquire, in countries sufficiently abounding 
in water, or near enough to the coast, a much greater humidity 
in consequence of the frigorific actions and reactions of which 
we have before spoken. Now the land-wind, which always 
blows by night on the borders of tropical countries when the 
‘sky is clear, transports this humid air to a certain distance out 
at sea. Then, the feeble degree of cold acquired by substances 
freely exposed on the deck, totally unable, as it is, to condense 
the vapour of the sea-atmosphere, is nevertheless sufficient to 
precipitate that of the air which has been in nocturnal contact 
with the soil. 

We conclude that dew, feeble or non-existent towards the 
poles by reason of the extreme brevity of the summer nights, 
becomes more and more abundant as we approach the equator ; 
that, notwithstanding, the general course of the phenomenon 
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is very much modified by the extent, the nature and the position 
of the land, according as it is more or less surrounded by the 
sea, more or less covered by mountains, ravines, lakes, meadows, 
marshes, or running streams. The borders of Egypt, of the 
Red Sea, of the Persian Gulf, of Chili and of Bengal, are cele- 
brated for the richness of their dews ; (See the Voyages de Volney, 
t.i. p. 51; of Burckhardt, p. 423; of Niebuhr, p. 10; of Ker 
Porter, t.ii. p. 123; of Le Gentil, t. i. p. 624 ; of Ruppel, p. 186.) 
the deserts of Central Africa, and the interior provinces of Bahia, 
of Fernambouc, Urmia and Mazandecan, in Brazil and Persia, by 
the almost total absence of this nocturnal phenomenon. (Voyages 
of Spix and Martius, t. ii. p. 624; of Olivier in Persia, t. i. pp. 
123 and 145; of Ker Porter, t. ii. pp. 63 and 69.) 

The appearance of dew may serve, in certain cases, to make 
known the proximity of a mass of water concealed from the eye 
of the observer. Thus, the dew which is almost completely 
wanting in certain sterile valleys traversed by the Euphrates, 
becomes of sufficient intensity to form visible drops of water, 
whilst still at a distance of some miles from the borders of this 
river concealed by the land. (Olivier, t. ii. p. 225.) And Major 
Denham says, that independently of the suffocating heat and of 
the intense cold that he endured during the night in his memo- 
rable journey across the Sahara, he also suffered from the extreme 
dryness of the air until he reached a certain distance from 
Ischad, where, though there was not the slightest appearance of 
water on any part of the horizon, the dews began to appear, 
feeble at first, then more and more copious, and so abundant on 
arriving near the banks of this great African lake, that the clothes 
of those persons who remained some time outside the tents were 
completely soaked with it. (Denham, Narrative, p. 49.) 

With regard to the intense cold experienced by this intrepid 
traveller during the night in the desert, it is occasioned (in my 
opinion) neither by the extreme clearness of the sky, nor by an 
excess of cutaneous perspiration, but from the great nocturnal 
calm of this desolate region, which allows the soil to act strongly 
on the air and to receive with equal force the reaction of that 
fluid. Observe first, that a dry, flat, monotonous, horizontal 
and uniformly-extended country, like this immense plain of 
Northern Africa, so well characterized by the Arabs under the 
name of the sea without water (el bdar billa mda), presents no 
cause capable of disturbing during the night the equilibrium of 
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the air; so that this must remain in a state of almost absolute 
rest some time after the setting of the sun. The soil of the 
desert being moreover composed of dry, sandy earths, of bad 
conducting quality, can receive from the interior but a very poor 
compensation in exchange for the heat it has lost. The solid 
body radiating by night towards space, and the surrounding 
medium, will therefore be unmoving and isolated, and thus be 
in highly favourable conditions for reacting with energy on each 
other, and considerably lowering their temperature. 

Another phenomenon resulting from the combination of the 
two frigorific actions successively excited in the radiating body 
and the medium which envelopes it, is the congelation of water, 
produced artificially in Bengal, during the calm and clear nights. 
It would be superfluous to repeat here the details relative to this 
process, a description of which may be found in all treatises on 
physics. It will be sufficient to call to mind, that the vessels, 
very shallow and uncovered, containing the liquid to be frozen, 
are placed at the bottom of certain excavations made in the soil, 
and surrounded by a border of earth, 4 or 5 inches in height; 
that the water, whose emissive power is nearly equal to that of 
the leaves of plants and of lamp-black, does not descend even two 
degrees lower than a covered thermometer placed by its side, and 
that frequently the ice is formed when the thermometer, elevated 
4 or 5 feet, marks 5° or 6° above zero; which leads to the im- 
mediate inference, that the water lowers gradually its tempera- 
ture down to the zero of the thermometric scale (Centigrade) 
by means of a series of actions and reactions perfectly similar 
to those which produce, under the same circumstances of 
calm and clearness of sky, the nocturnal cooling of any other 
radiating matter exposed to the free air, and the decrease of the 
atmospheric temperature, in proportion as we approach the 
earth’s surface. 

It is in consequence of these same frigorific actions, that the 
buds of plants, and the shallow waters of ditches and ponds 
scattered here and there over the country, often freeze during 
the calm and clear nights of spring, whilst the thermometer 
marks several degrees higher than the freezing-point. 


(Note of the Editors of the Annales de Chemie et de Physique.] 
We suppress the third and last part of the Memoir, which is 
devoted to the refutation of the hypothesis which ascribes the 
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formation of dew to the exhalation of the soil and the mysterious 
appearance of a stratum of cold air at the earth’s surface. This 
refutation, however useful in Italy, where this theory of dew is 
still taught in certain schools placed under the protection of the 
Austrian government, appears to be superfluous for those per- 
sons who, after reading attentively the preceding pages, can no 
longer retain the shadow of a doubt as to the true cause of the 
phenomenon. We shall merely call the reader’s attention to 
the two subjects treated of in the Third Part of M. Melloni’s 
memoir, namely, the experiment by means of which the dew is 
forced to deposit itself on certain portions of a metallic surface, 
whilst the other parts are maintained in their habitual state of 
dryness; and the theory of that sort of dew (served) or excess- 
ively fine rain, which falls sometimes on fine summer evenings 
when the sky is clear and free from clouds. 

The experiment, which is described in detail in the first of 
the two letters of M. Melloni to M. Arago, consists in par- 
tially varnishing one of the two surfaces of a very thin tin 
plate; afterwards covering a portion of the varnished surface 
with a sort of small detached roof of polished metal, and ex- 
posing this arrangement of two plates to the free air, so 
that the side which is varnished and partially sheltered under 
the metallic roof, may be turned towards the sky, and the 
surface which is entirely polished towards the ground. The 
dew is deposited in large quantity on the surface uncovered by 
varnish, and from thence in diminishing proportions, on the ad- 
jacent parts. The roof of polished metal remains entirely dry 
and brilliant, as also the central portions of both sides of the 
subjacent disc; the rest of the surface looking towards the 
ground is, on the other hand, quite covered with dew. 

Some experiments of Wells had shown that dew does not fall 
from the sky; others, that it does not rise from the ground. 
The experiment of M. Melloni proves these two things at the 
same time; for there are portions of metal moistened by the 
dew, and others perfectly dry and brilliant above and below the 
system of two plates, that is, on the side looking towards the 
sky and on the side turned towards the ground. It proves, be-. 
sides, incontestably, that metals cooled by the juxtaposition of 
a radiating substance, condense the elastic vapour of the atmo- 
sphere as well as the leaves of plants, and consequently, that 
the ordinary want of dew on the polished surfaces of these bodies, 
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arises neither from a peculiar repulsive force, as Leslie supposed ; 
nor from anelectric action, as Saussure believed; nor from the heat 
disengaged by the chemical reaction of the metal on the aqueous 
vapour, as M. Fusinieri has latterly maintained ; but solely 
from their extremely feeble emissive power, which does not pro- 
duce a degree of cold sufficient to cause the condensation of the 
elastic vapour contained in the surrounding medium. This ex- 
periment, therefore, is a sort of collective proof, which embraces 
in itself the fundamental principles of the theory of dew deve- 
loped in the Second Part of the memoir. 

As regards the theory of “ serein,” we cannot do better than 
give the translation of the passage in which it is pointed out. 

“ Several authors,” says M. Melloni, “attribute to the cold 
resulting from the radiation of the air, the excessively fine rain 
which sometimes falls in a clear sky, during the fine season, a 
few moments after sunset. But, as no fact is yet known which 
directly proves the emissive power of pure and transparent 
elastic fluids, it appears to me more conformable to the prin- 
ciples of natural philosophy, to attribute this species of rain to 
the radiation and the subsequent condensation of a thin veil of 
vesicular vapour distributed through the higher strata of the 
atmosphere, in a manner so as not to cause any considerable 
alteration in the azure tint of the sky. The beautiful phzeno- 
mena of colours which appear in the west when the solar rays 
are quitting our hemisphere, have often afforded me the oppor- 
tunity of observing isolated clouds, which had lasted for some 
time, suddenly diminish in volume and intensity the instant they 
ceased to be struck by the sun’s rays, and soon become com- 
pletely effaced without leaving a trace of their former existence. 
In meditating on the causes of these vanishings, it appeared to 
me evident that the upper part of the cloud, no longer receiving, 
after the sun has set, any compensation for the heat radiated 
into space, is condensed into water, and the subjacent stratum 
takes its place, undergoing the same changes, and so on in suc- 
cession ; so that the whole cloud is soon reduced into liquid 
drops which pass into the state of elastic fluids, in falling 
through the space beneath*.” 

* It is perhaps a process of this kind which has helped to confirm an opinion 
held by the many, that the light of the full moon dissipates the clouds ; for then 
the vesicular vapours are abandoned by the direct or diffused rays of the sun, 


and begin to be cooled by vibrating their proper heat into space, at the very 
moment the moon rises above the horizon. 1 would nevertheless observe, that 
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Moreover, the “ serein”’ always falls in summer, or at the com- 
mencement of autumn, at the close of warm, moist days, under 
a sky slightly scorched and whitish (hdlé et blanchdtre). There 
is every reason therefore for believing that the air is then saturated 
with humidity up to a certain elevation, and that the upper por- 
tion of this diaphanous vapour is transformed into vesicular va- 
pour, by the cold which prevails in the higher regions of the 
atmosphere. These vesicles, which are sufficiently rare and uni- 
formly scattered as to cause only a slight tinge of white which 
does not sensibly alter the proper colour of the atmosphere, will 
therefore lose, with the last rays of the setting sun, the heat 
which supplied the losses caused by their radiation into space ; 
there will be a lowering of temperature, and the formation of 
small drops, which, traversing in their descent the lower strata 
of an atmosphere saturated with humidity, can suffer only a 
feeble degree of evaporation, and hence will even reach the 
surface of the earth. 


dusk may very probably play a certain part in the production of this phzeno- 
menon. I make this remark, because, on looking at the moon through a good 
glass, I have often observed its disc traversed by fragments of clouds whilst 
the stars everywhere shone brightly, and the sky appeared perfectly clear. 


ee 
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ARTICLE XVI. 


Experimental Researches on the Action of the Magnet upon 
Gases and Liquids*, By M. Piiicxer, Professor of Natural 
Philosophy in the University of Bonn. 


[from Poggendorff’s Anxnalen, March 1848.] 


1. As subject of the present, which is my third communica- 
tion,-1 have selected from my experimental researches upon the 
action of the magnet, two classes of phanomena—one of which 
relates to the magnetic or diamagnetic action of the magnet upon 
liquids, the other to its action upon gases. In the observation 
of the former I adopted a different method from that of Faraday ; 
I observed the motions of the various liquids above the approxi- 
mated poles of the magnet, and the alterations produced by the 
poles in the form of the surfaces. When, as in the blood, minute 
corpuscles are suspended in the liquid, the microscope may be ad- 
vantageously called in aid to observe their motions. In all these 
experiments I found Faraday’s results completely confirmed. 
Not so, however, with regard to the reactions of gaseous bodies ; 
for in this case my experiments led me to results which com- 
pletely contradict the statement of this philosopher, that bodies, 
in passing into the gaseous state of aggregation, become indif- 
ferent to magnetism. I communicate these results with that 
diffidence which becomes me in opposing so great an experi- 
menter. 

2. In my investigations I made use of the horseshoe electro- 
magnet, which has been described in the second paragraph of 
my first memoir (p. 354); this stands perpendicularly, so that 
the surfaces of its poles are directed upwards. To allow of the 
increase of the magnetic tension in different ways by the ap- 
proximation of the poles, polished pieces of iron of various forms 
were applied; and these being united in pairs, formed the keeper. 
They consisted of,—jirst, two parallelopipedal halves of the 
keeper (A), which have been mentioned in paragraph 44 (p. 372) 
of the previous memoir, 27 millims. in height, 67 millims. in 
breadth and 198 millims. in length; secondly, two halves of the 

* Translated by Dr, J. W. Griffith. 
VOL. V. PART XX. 2? 


554 PLUCKER ON THE ACTION OF THE MAGNET 


keeper (B), as high as the preceding, as broad as the poles of the 
‘ magnet and 176 millims. in length, rounded off circularly on one 
side, and so narrow that the terminal surfaces formed circles 
25 millims. in diameter. Upon these, pieces of different shapes, 
such as conical apices, could be screwed. These two halves of 
the keeper may also be advantageously substituted for the two 
perforated cylindrical appendages with the inserted pointed cy- 
linders, in the experiments described in the two preceding me- 
moirs. Even with the most powerful magnetic excitation and 
the greatest approximation of the conical apices, these two halves 
of the keeper do not fly together. Thirdly, two heavier halves of 
the keeper (C); these were originally intended for optical pur- 
poses, 40 millims. in height, 133 millims. broad and 203 millims. 
in length, circularly rounded at one end, gradually tapering at 
the other, and prolonged into a rectangular surface of 40 millims. 
and 59 millims. In the middle of these two halves of the keeper, 
throughout their whole length, a groove is cut, 20 millims. in 
breadth, of the same depth, and the section of which is semicir- 
cular at the bottom. The halves of the keeper (A) and (C), 
when the excitation is very intense and the approximation suffi- 
cient, are attracted by each other with great force; they are 
kept apart by pieces of brass of different thicknesses placed be- 
tween them. 

In the experiments upon the free ascending gases, the rectan- 
gular glass-case of the torsion-balance, which, when the latter is 
removed, has a rectangular aperture at the top in the middle, 
254 millims. in length in the equatorial direction (corresponding 
to the breadth of the case) and 92 millims. in the axial direction, 
was generally placed upon the moveable table with the two round 
holes through which the arms of the magnet passed. 

In the experiments to be described I used from five to ten 
Grove’s cells, the larger number only being set in action when 
the nitric acid had been frequently used previously, 


§ 1. On the Diamagnetism of Gases. 


3. Faraday devotes the paragraphs 2400 to 2416 of the twenty- 
first series of his ‘ Experimental Researches on Electricity’ to 
the action of magnets upon air and gases; and in the last para- 
graph arrives at the following conclusion :— 

“Whatever the chemical or other properties of the gases, 
however different in their specific gravity, or however varied in 
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their own degree of rarefaction, they all become alike in their 
magnetic relation, and apparently equivalent to a perfect vacuum. 
Bodies which are very marked as diamagnetic substances, imme- 
diately lose all traces of this character when they become va- 
porous.” 

4, Faraday performed his experiment by taking an open glass 
tube, which was as indifferent as possible to the magnet, and 
after the air had been withdrawn from it, hermetically sealing it, 
allowing it to oscillate, both before and afterwards, between the 
poles surrounded by air.. He found no difference, even when 
the tubes were allowed to oscillate in various gases, nor when 
filled with them, Nor did he find any difference on allowing 
the tube, either containing gas or not so, to oscillate in water, 
alcohol or oil of turpentine; nor, lastly, when a solid diamag- 
netic body, as heavy glass or a bar of bismuth, was made to 
oscillate in different kinds of, or variously compressed gases. 
On first perusing these experiments, it was evident to me, on 
mechanical grounds, that for any effect to be apparent in any of 
them, the gases must be magnetic or diamagnetic to a perfectly 
enormous extent; for the magnetic or diamagnetic force of a 
substance must evidently diminish with the rarefaction of the 
substance. We will for a moment consider, hypothetically 
only, this diminution and rarefaction as in proportion to each 
other, as is the case with attractive forces; and also, which is 
more to the present point, in the case of the rotation of the plane 
of polarization in liquids, in which, in a solution of sugar e.g. 
the amount of rotation is in proportion to the quantity of sugar 
in solution. A magnetically indifferent tube, when completely 
filled with water and suspended so as to oscillate horizontally in 
water, does not assume a definite position between the poles of 
a magnet, because the same force which urges the water con- 
tained in the tube to assume an equatorial position, is counter- 
balanced by the diamagnetic excitation of the surrounding water. 
If the tube, when oscillating horizontally, contains only half the 
quantity of water which it originally did, and which then for the 
same length has only half the section, the second force will pre- 
ponderate. The tube is driven into the axial direction, and is 
retained in this direction with a force equal to half the diamag- 
netic force exerted upon the entire mass of the water originally 
contained in the tube, and which we shall consider as unity. If 
only the ;,4,,th of the original water remained in the tube dif- 

2P2 
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fused equally throughout its longitudinal direction, the tube 
would be retained in the axial position with a force amounting 
to 1243, and this force would be equal to unity itself if the tube 
were entirely free from water. The difference between these two 
forces, which amounts to only the ;z5,th of the magnitude of 
that diamagnetic force originally acting upon the water con- 
tained in the tube, can never be shown by the rotation of the 
tube, even independently of the resistance in the surrounding 
fluid. If the mass of water ;,'5, was converted into the form 
of vapour within the tube, no alteration would be produced, sup- 
posing that the action of the magnet upon the molecules of its 
vapour were the same as upon the molecules of water. The dia- 
magnetism of the vapour of water could never therefore be shown 
in this way. 

The same occurs in all the other experiments detailed at the 
commencement of this paragraph. 

5. Faraday says,—* I have imagined an experiment with one 
of Cagniard de la Tour’s zther tubes, but expect to find great 
difficulty in carrying it into execution, chiefly on account of the 
strength, and therefore the mass of the tube necessary to resist 
the expansion of the imprisoned heated ether.”—(2435.) If: 
Faraday’s experimental skill should succeed in overcoming the 
difficulties of this experiment, we should obtain a direct decisive 
answer to the question, whether diamagnetic fluids lose their 
diamagnetism on conversion into the state of vapour. Faraday 
anticipates an affirmative answer; however, on the ground of 
the experiment subsequently described, I confidently expect a 
negative answer. 

6. On my own part, to decide upon the diamagnetism of the 
gases, I first endeavoured to diminish the mass of the reservoir 
enclosing them; and I thus, among other things, arrived at the 
idea of using a soap-bubble as the envelope. In a preliminary 
experiment I laid a lamina of mica upon the two approximated 
surfaces of the poles of the electro-magnet, and placed a soap- 
bubble of a hemispherical form upon this; but I did not find 
the magnet exert any action upon the form of the soap-bubble ; 
this was also equally the case when it was filled with air as when 
it was filled with tobacco-smoke. JI then completely gave it up 
for enclosing the gases; and the use of the co/owred gases imme- 
diately suggested itself to me as a means of deciding upon the 
magnetic, diamagnetic or neutral state of the gases, 
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7. I placed the two halves of the keeper B (see paragraph 2.), 
with the conical apices screwed into them, upon the surfaces of 
the poles, in such a manner that the distance of the two apices 
from each other amounted to 3°5 millims. Beneath them I 
placed a previously-heated thick plate of platinum, and covered 
the whole with the open case of the torsion-balance mentioned 
above. Small pieces of iodine were placed upon the plate of 
platinum, and as soon as a very narrow column of vapour of 
iodine ascended perpendicularly between the apices of the poles 
the magnetism was excited by closing the circuit. The column 
which was previously ascending perpendicularly, immediately 
expanded above the apices of the poles, so as to form a para- 
bola in the equatorial plane; this, especially on the concave side, 
where the violet colour was most intense, was very accurately 
defined, and remained perfectly distinct for an elevation of 100 
to 150 millims. We shall hereafter allude to a similar figure 
formed by the soot of a turpentine flame; and as a sketch of this 
appearance is subjoined, further notice of it wiil be omitted at 
present. 

The experiment described in the above paragraph shows be- 
yond a doubt ¢hat the vapour of iodine is repelled by both the 
poles of a magnet. 

8. This result is confirmed when the two parallelopipedal 
halves of the keeper (A.) are applied by their broad surfaces. If 
the ascending vapour of the iodine is then conducted between 
the two surfaces of the poles of the halves of the keeper, it be- 
comes displaced laterally (in an equatorial direction) ; and if it 
be allowed to ascend by their side, it is repelled outwards. This 
effect is found to be most intense when the magnetic tension is 
increased by again approximating the two keepers to within 
3 millims. to 4 millims. 

9. In interpreting the result obtained in the two preceding 
paragraphs, we must not forget that the iodine vapour is sur- 
rounded by air. This iodine vapour, in proportion to the repul- 
sion which it experiences by the poles of the magnet, either be- 
comes diamagnetic, and if so, more powerfully diamagnetic than 
the air, if the latter is at all so, or it exerts a neutral re-action. 
But for the air to become magnetic, the former, if not diamag- 
netic, must still be less magnetic than the latter*. The former 


* The remarkable experiment of Faraday, in which he suspended a glass 
tube filled with a solution of protosulphate of iron in a similar solution between 
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of these two views, that both the iodine vapour and the air are 
diamagnetic, is shown to be extremely probable by the experi- 
ment detailed in paragraph 11. 

10. A few drops of bromine were placed in a glass retort with 
a short neck, which was so drawn out that the aperture. was not 
more than 3 millims. in diameter. The glass retort. was then 
arranged with its orifice immediately beneath the apices of the 
poles, which were 3°5 millims. apart; it was then heated, and 
as soon as the vapour began to flow out the magnetism was ex- 
cited. The ascending column of vapour was repelled in the 
equatorial plane towards that side of the apices: on which it 
passed before the excitation of the magnetism, but not so con- 
stantly and regularly as in the case of the iodine. Thus the 
vapour of bromine acts in general in the same manner as that 
of iodine. 

10 a. The vapour of chlorine, evolved from peroxide of man- 
ganese, chloride of sodium and concentrated sulphuric acid, was 
also repelled. 

11. In the same retort and with the same adjustment, pieces 
of copper wire were placed, and nitric acid was then poured upon 
them; the nitrous fumes which were evolved escaped from the 
orifice with a varying amount of force. That they were repelled 
was at once perceptible; but it was subsequently found, as the 
vapour ascended in the form of a cylinder of about 4 millims. 
directly between the poles, that they expanded above the apices 
of the poles in the equatorial plane in the form of a parabola, the 
summit of which was situated somewhat above the middle-of the 
space between the poles, and the axis of which was formed by 
the continuation of the direction of the original gaseous current. 
The latter, in the equatorial plane, retained nearly its original 
diameter, but sloped off at right angles to this plane to about 
one half. In the complete transverse section of the parabolic 
current the gas appeared to be nearly uniformly diffused. It 
ascended regularly to an elevation of from 60 millims. to 80 mil- 
lims., although it was less distinctly defined than in the case of 
the iodine. — 


the poles of a magnet and allowed it to oscillate, when the tube was found to 
become arranged axially or equatorially, hence reacting magnetically or dia- 
magnetically according as the internal or the external solution was the stronger, 
may be easily repeated without any special precaution. For this purpose I 
have used tubes of thin glass, 20 millims. in breadth and about 125 millims. in 
length, closed with calves’ bladder and without a keeper. 


3 
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Thus nitrous gas acts generally in the same manner as the 
vapour of iodine and bromine and chlorine gas. 

12, The experiment described in the preceding paragraph 
especially claims our attention, because nitrous gas contains the 
same ingredients as the air, but in different proportions and in 
a state of condensation. If the gas were merely condensed air, 
its repulsion in the ordinary atmosphere would incontestably 
prove that both the air and the gas are diamagnetic; for con- 
densed air, whether magnetic or diamagnetic, is necessarily more 
powerfully affected by the magnet than that in the ordinary 
state; and from the repulsion of the former it would follow that 
the action upon the air is altogether diamagnetic. [For exactly 
the same reason, a more dense stone, which contains more mat- 
ter, sinks in water; whilst it would rise if the attraction of the 
earth were to be converted into a repulsive force. Because the 
force of gravity acts equally upon the matter of the stone and of 
the water, we conclude, from the sinking of the former, that the 
force of gravity exerts an attractive and not a repulsive power. ] 

According to a general principle which Faraday (in the case 
of solids and liquids) has laid down, every mechanical or che- 
mical combination of diamagnetic bodies only is necessarily 
diamagnetic, whilst every compound of magnetic bodies only 
is magnetic. On extending this principle to gaseous bodies, the 
experiment in the preceding paragraph would rigidly demonstrate 
that, if nitrogen gas and oxygen are affected in the same manner 
by the magnet, the action of both, as also the action of the 
air and of the nitrous gas, must be diamagnetic. But if the air 


_ exerted a magnetic action, one of the gases, either the oxygen 


or the nitrogen, in fact that which predominates in nitrous gas 
in comparison with the air, hence the first, must be diamagnetic, 
the other magnetic. The latter supposition has not per se the 
slightest probability; on the other hand, we might admit 
with more certainty that the air is diamagnetic, and we shall 
adapt this view to our method of expression in the subsequent 
remarks. 

13. Visible aqueous vapour, which must in fact be regarded as 
nothing more than a true gas, is also repelled by the magnet. 
It was evolved in a vessel used for the determination of the 
boiling-point of water, and conducted by means of a long funnel 
between the apices of the poles, the distance of which apart re- 
mained the same as before. The repulsion was very distinctly 
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seen even without covering it with the case of the torsion-balance, 
which the apparatus for evolving steam did not permit. 

When the aqueous vapour was made to ascend in the same 
way between the two parallelopipedal halves of the keeper (A), 
approximated to 3°5 millims., at the moment of the closure of 
the circuit, it was forced from the intermediate space between 
them and extended laterally in the equatorial plane, 

Aqueous vapour is thus even more strongly diamagnetic than 
air. 

13 a. The following proceeding was adopted for examining 

the magnetic relation of the vapour of mercury. The conducting 
wire issuing from the platinum end of a battery of twelve cells 
was conducted into a vessel containing mercury, which stood 
immediatelv under the apices of the poles, whilst the conducting 
wire emanating from the zinc end was coiled round the iron 
nucleus of the magnet, and afterwards terminated in the mercury. 
The circuit was opened by withdrawing the former conducting 
wire from the mercury, and again closed when the vapour of the 
mercury accompanying the sparks arising from the separation 
ascended between the apices of the poles. The anticipated re- 
pulsion then occurred. Hence the vapour of mercury is also more 
strongly diamagnetic than air. 
_ 14. Since the different kinds of flames are nothing more than 
gases produced by the process of combustion, at a red heat, with 
or without an admixture of solid matters at a red heat, it became 
of interest to subject them also to the action of the magnet. On 
so doing very beautiful phenomena resulted; these exhibited 
great variety, according as on the one hand the form of the poles 
and their distance apart were altered, and on the other various 
kinds of flames were used. When the keeper (B), with the 
conical apices screwed on, was applied, most remarkable phe- 
nomena presented themselves. These I shall particularly de- 
scribe*. 

15. When a common stearine candle was placed midway be- 


* M. Zantedeschi, a short time since, made a communication to the Academy 
of Sciences at Paris, to the effect that various flames are repelled and depressed 
when in proximity to the poles of a magnet. I at once thought to recognize 
in this phenomenon a diamagnetic action ; and this circumstance, in combina- 
tion with the theoretical considerations developed in paragraph 4, gave rise to 
the first part of the present treatise. In my experiments, the two assistants 
of the physical cabinet, M. vom Kolke and M. Beer, aided me materially ; 
the drawings from nuture were principally made by the latter. 


UPON GASES AND LIQUIDS. 561 


tween the two apices of the poles approximated to 15 millims., 
in such a manner that they were situated at the distance of 
two-thirds of the height of the flame, the latter was depressed 
and expanded in the equatorial plane. Its form is represented 
in the equatorial view (taken from the side of one of the poles), 
figured in Pl. IV. fig. 1: Pl. IV. fig. 1 @ represents the perpen- 
dicular axial section of the flame. 

When the flame was moved out of the axial line laterally, it 
was repelled from that line. When moved from the equatorial 
plane and approximated to one of the poles, it was repelled 
towards this plane. 

16. A tallow candle, burning quietly and not smoking, acted 
inthesame manner. Under the same circumstances, the distance 
of the poles apart being 15 millims., it exhibited the equatorial 
view figured in Pl. IV. fig. 2. Above, the flame was extended 
into a sharp wedge with a rectilinear section. 

17. When the apices of the poles are more approximated, the 
appearance assumes other forms; in all the experiments which 
I shall describe hereafter, the constant distance between the 
apices of the poles, where not expressly stated otherwise, was 
3°5 millims. 

When the above tallow candle was placed between the poles, 
so that the latter were at seven-eighths of the height of the ori- 
ginal flame, the equatorial view yielded the third figure. Pl. 1V, 
fig. 3 a represents the corresponding axial section. 

When the apices of the poles were at the middle of the height 
of the original flame, the equatorial view yielded the fourth 
figure. Pl. IV. fig. 4a represents the perpendicular axial sec- 
tion; and PI. IV. fig. 4 4 is a view from above, in which the 
flame has the form of an elliptic ring, surrounded by a small 
faintly-luminous margin, and enclosing a dark space. 

When the tallow candle was elevated as much as possible, 
hence when the two apices of the poles were at the same height 
as the upper end of the wick, and the flame cooled by the iron 
apex of the pole ceased to burn with perfect light, it not only 
perfectly re-acquired its former luminosity at the moment of 
closing the circuit, but burned more freely, becoming depressed, 
and assuming in the equatorial view the form of the fifth figure, 
A perpendicular axial section is exhibited in Pl. IV. fig. 5 a. 

18. As the tallow candle could not be raised higher, a thin 
wax and a stearine candle were taken; and instead of the conical 
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apices, two others, which were terminated below by a triangular 
plane surface, were screwed in. When these candles, the flames 
of which were short, were gradually raised higher, the phzeno- 
mena were exactly the same; until at last, when the apices of 
the poles were at about the same height as the centre of the 
wick, the form corresponding to the fifth figure, its apices, be- 
coming constantly more depressed, passed into the form of a 
small very sharply defined boat, the wick representing the mast 
in the centre, from which the sail, which was less luminous 
than the boat itself, was drawn down, like a tent, towards its 
edge. ; 

19. In the experiments with the tallow candle, we made the 
express condition that it deposited no soot. A very smoky 
tallow candle exhibits totally different phenomena. When the 
two apices of the poles were at three-fourths of the height of 
the original flame, the equatorial view, given in fig. 6, in which 
the linear dimensions are reduced to a fourth, was obtained on 
closing the circuit. The ascending gray smoke, at an elevation 
of 7 millims., expanded considerably in the equatorial plane. 
It was sharply bounded externally by a parabola, the summit 
of which, O, coincided exactly with the middle of the space 
between the two poles, and retained its regularity for a consider- 
able time, and as far as an elevation of 190 millims. Internally, 
the boundary, although tending to the parabolic form, was alter- 
nately irregular and undulating. More strongly luminous clouds. 
of smoke rotated irregularly from time to time in the internal 
space. At an elevation of more than 190 millims. the smoke no 
longer ascended with uniformity, but like a common column of 
smoke. The flame itself, which was depressed and expanded in 
the equatorial plane, inclined towards the external boundary of 
the smoke,.at which, becoming parabolically hollowed out and 
forming apices, it ascended, being sharply defined, and on the 
outer side also was bounded by a narrow dark gaseous stripe, 
which at the summit of the flame passed into the column of 
smoke. 

20. Lastly, I shall allude to the phenomena presented by a 
turpentine flame. A narrow lemniscate-shaped wick was spread 
in the shallow cavity of a porcelain cup; oil-of turpentine was 
then poured on it, and it was inflamed. It gave a tolerably 
steady flame, which emanated from the entire surface of the tur- 
pentine, and deposited soot abundantly. The apices of the poles 
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extended into the upper part of the flame, the great section of 
which coincided with the equatorial plane. On closing the cir- 
cuit, the flame was depressed in the centre 3 millims. to 4 millims. 
below the height of the apices of the poles; its entire upper 
boundary had exactly the same form as that in the experiment 
last described (fig. 7.). The particles of carbon ascending with it 
united so as to form a black sharply-defined line, which consti- 
tuted the upper boundary of the flame and ascended as a regular 
parabola to 180 millims., and from this spot expanding spirally, 
again followed the parabolic path to about the same height, and 
then terminated in the form of an indefinite cloud of smoke out- 
side the case. 

21. The parabola just described in the case of the turpentine 
flame, exhibited the same definition when a piece of German 
tinder was placed under the apices of the poles and ignited. 
The latter was carbonized without the production of flame, and 
simultaneously narrow dense columns of smoke ascended. When 
the circuit was closed at the moment at which one of these passed 
between the apices of the poles, the parabola was immediately 
formed. 

_ The same also occurred, but with a somewhat less distinct 
outline, with the smoke arising from a tallow candle which had 
been blown out. 

22. A small piece of sulphur was placed in a porcelain cup, 
which was made deep in the centre, and then ignited. After 
it had become fused into a mass, which was 7 millims. in dia- 
meter, it burned quietly, and formed a regular cone of flame of 
about 6 millims. in height, the upper part of which extended to 
between the apices of the poles. At the moment of closing the 
circuit the flame was depressed, and then merely formed a layer 
of fire lying upon the fused mass of sulphur. During the mag- 
netic excitation the sulphur burnt more quickly and boiled 
violently. 

22a. When, in the experiment described in the last para- 
graph, a piece of phosphorus was substituted for the sulphur 
and ignited, the flame, which burned brightly, was in this case 
also depressed: this phanomenon was accompanied with the 
parabolic ascent of the bluish flame, which has been so frequently 
described before, and was here seen in remarkable beauty. 

23. A flame of alcohol, 25 millims. in height and burning 
steadily with a violet-coloured flame, on closing the circuit, was 
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depressed in the same manner as the flame of a stearine candle, 
and at different elevations assumed the corresponding forms. 
The combustion was increased, and the original dark violet colour 
became of a beautiful yellow. 

24. The increase of the flame, which has always hitherto been 
found to occur, evidently depends upon the flame of the source 
from which it is supplied being brought nearer by the magnet. 
The alcohol, the stearine and the sulphur are more rapidly con- 
sumed on account of the increased heat. To ascertain specially 
the cause of the production of the yellow colour of the flame by 
the magnet, which did not occur in the combustion of the sul- 
phur, alcohol without a wick was placed under the apices of the 
poles in a thimble-shaped vessel of copper and ignited, thus 
replacing the common spirit-lamp. The flame was then changed 
in form as before, but without becoming coloured yellow. Hence 
the yellow colour in the former experiment appears to have 
arisen from carbonaceous particles having become detached from 
the wick; and this again is produced by the flame being pressed 
down upon the wick by the excitation of the magnetism, and 
the wick thus partly carbonized. 

25. It was still a point of interest to examine the flame of hy- 
drogen, which, as is well known, merely consists of aqueous va- 
pour at ared heat. The hydrogen gas was evolved in the ordi- 
nary way from pieces of zinc and dilute sulphuric acid, and, on 
turning a cock, issued from a glass tube drawn out to a fine 
point, the aperture of which was placed beneath the middle of 
the space between the apices of the poles, under a perpendicular 
pressure of water, which at the commencement was 340 millims. 
in height. After igniting it, the magnetism was excited. At 
first, from the great force with which the gas escaped, no action 
upon the flame was perceptible; but as the pressure of the water 
continued to diminish, the flame at the same time becoming 
smaller, the effect soon became apparent, and the flame was driven 
laterally and depressed exactly as in the former analogous cases. 

26. When we reflect upon the phenomena which the different 
flames have exhibited (14-25), all the various forms are expli- 
cable on the assumption, that the mass of the flame is repelled 
by the magnet, and that this repulsion principally takes place 
from the axial line in all directions. The form of the flame be- 
comes changed in consequence of external influences, in exactly 
the same manner as in the case of a volume of gas enclosed in a 
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thin envelope. The original form is determined by the ascent of 
the gases evolved from the wick. In the first and second figure, 
the lateral repulsion, by expanding the flame laterally, produces 
depression of it. If this action increases, the two outermost 


-apices become inclined upwards towards the equatorial plane, 


just as the original flame does (Pl. IV. figs. 3-5), whence in the 
first two instances a depression is produced in the centre. But 
when the poles are situated lower down, the flame, which derives 
the gas by which it is fed from the wick, cannot leave the wick ; 
an elevation then occurs in the centre, as seen in the fifth figure. 
The elevated portion is here less luminous, for the same reason 
that the lower part is so in the case of the flame of the common 
wax candle. 

27. In most cases the flame is depressed, and consequently 
increased, by the magnet. Both these effects are the results of 
the repulsion produced by the latter. This repulsion however, 
under altered circumstances, must be capable of producing a 
diminution, as also an elongation of the flame. The former was 
accidentally noticed in a small stearine flame, which, when the 
apices of the poles were depressed considerably below the wick, 
was in fact extinguished on the excitation of the magnetism ; 
evidently because the gas which fed the flame, before arriving 
at it, was repelled laterally. The flame was moreover dimi- 
nished by the refrigeration arising from the apices of the poles. 

28. When, on the other hand, the flame is completely above 
the surface of the poles, and the direction in which it is repelled 
by the magnet is directed perpendicularly upwards, the flame, 
if our view be correct, should be elongated instead of being 
shortened. To confirm this by direct experiment, the parallelo- 
pipedal halves of the keeper (A) were laid on flat, and retained 
at a distance of 3°5 millims. A common lamp wick was led 
close above the middle of the upper angles of the two corre- 
sponding rectangular surfaces of the poles, and then with both 
ends between them into a vessel situated beneath, and filled with 
alcohol. When the wick had become soaked, it was set light 
to above, so that the flame was not diffused over that portion of 
the wick which had been conducted to the upper angles. The 
flame, on closing the circuit, became higher. 

In this experiment the burning portion of the wick must not 
be advanced from the centre of the upper angles to their extre- 
mities, because the flame is then simultaneously repelled laterally. 
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29, The experiment described above proves that the different 
flames which were examined act diamagnetically, and more- 
over that they are all diamagnetic to a greater extent than the 
surrounding air. Granting, on the one hand, that finely-divided 
carbon at a red heat exists in the flame of tallow, stearine and . 
wax candles, as also in that of turpentine, and on the other 
hand solid phosphoric acid at a red heat in that of the phos- 
phorus, and that the repulsion observed might be attributed to 
these two bodies, by supposing that they carried off the red- 
hot gases with them,—still in the other flames which were 
examined no finely-divided solid bodies exist which could pro- 
duce the repulsion. Thus the watery vapour of thé hydrogen 
flame, the carbonic acid mixed with watery vapour in the alcohol 
flame, and the sulphurous acid in that of burning sulphur, are all 
more powerfully diamagnetic when at a red heat than air. 

This remarkable result surprises us more when we consider 
how rarified these gases are at a red heat, and we are inyoluntarily 
led to inquire whether the elevated temperature is not favourable 
to the appearance of diamagnetism, just as on the other hand it 
diminishes magnetism. 

30. At the very commencement of my magnetic researches, I 
endeavoured, by means of the magnet, to detect the iron in an 
alcoholic flame, the wick of which had been rubbed with finely- 
divided protosulphate of iron, and which consequently burned 
with a beautiful yellow light. I then obtained a negative result, 
which in subsequent repetitions I found confirmed by the flame 
not experiencing any less repulsion from the iron in admixture 
than without it; in fact even isolated particles of iron at a red 
heat, which ascended with the flame, were not interrupted in 
their motion by the magnet. 

31. The phenomena which occurred with flame did not for an 
instant leave room for the idea that the repulsion observed could 
arise from currents of air. Such currents could only be pro- 
duced by the action of the magnet upon it, not by the flame it- 
self, because its action ceases simultaneously with the magnetism. . 
It might be imagined, as we regard the air as diamagnetic, that 
when we apply the parallelopipedal halves of the keeper (A) as 
in paragraph 28, the space between the surfaces of the poles of 
the halves of the keeper acted as a chimney, in such a manner 
that the air at those spots where the diamagnetic action was 
strongest (the magnetism being strongest at the surfaces of the ~ 


UPON GASES AND LIQUIDS. 567 


poles) would be expelled and constantly replaced by more, which 
entered at those spots where the action was more feeble. The 
flame, when brought laterally into proximity with the surfaces 
of the poles, was repelled; and when I inserted a lamina of mica 
between the flame and the halves of the keeper, the flame was 
less powerfully repelled. But as the proximity of the lamina of 
mica exerts a disturbing influence, I shall not at,present venture 
to decide whether the diminution of the repulsion should be 
ascribed to a current of air or not, although it would have been 
very interesting to have directly proved the diamagnetism of air 
in this manner. 

32. If air is diamagnetic, which we can hardly doubt, it 
is repelled by the poles of the magnet, and hence is rarefied 
when in proximity tothem. This rarefaction however cannot be 
detected by means of the barometer, because the air to a certain 
extent simultaneously acquires a greater state of tension. For 
this purpose I therefore adopted another method, and took a 
glass cylinder about 90 millims. in length and 30 millims. in 
breadth, which*was so depressed in the middle as to allow of the 
conical apices of the halves of the keeper (B) being placed in the 
depressions, and which were then only a few millimetres apart. 
A narrow tube was fused to the cylinder, and the air contained 
in it confined by placing a drop of alcohol in the tube, so as to 
allow of its being decided as to the magnetism or diamagnetism 

_ of the enclosed air by the motion of the drop on closing the 
circuit. Although no definite result ensued, I think of repeating 
the experiment under different circumstances and with greater 
intensity of force. 


§ 2. On the Magnetic or Diamagnetic Deportment of Liquids. 
33. When masses of fine iron filings are placed upon the ap- 
proximated poles of a magnet, in consequence of their being 
attracted by these poles they form heaps, which assume different 
configurations according to the form of the poles and their 
distance apart. Hence magnetic fluids must be affected in a 
| corresponding manner. Starting from this point of view, I first 
_ placed different liquids in a watch-glass above the poles of the 
electro-magnet ; and the phenomena which were observed cor- 
responded perfectly to my expectation. The liquids were more 
or less strongly attracted towards those points at which the mag- 
| netic action is strongest, hence principally towards the angles of 
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the surfaces of the poles; and in consequence their surface 
assumes remarkable forms, the perfect explanation of which we 
find in the analogous appearance from which we started in this 
paragraph. I shall next describe these phznomena as they 
occur in a powerfully magnetic liquid, a tolerably concentrate 
aqueous solution of perchloride of iron. : 

34. I chose the halves of the keeper (C), mentioned in the 
second paragraph, on account of their greater size, and applied 
them, with the polished grooves downwards, to the surfaces of the 
poles of the electro-magnet in such a manner that the rounded 
ends were turned towards each other, and retained at a definite 
distance apart. A watch-glass cut from a sphere, the radius of 
which was 36 millims., was so placed upon the halves of the 
keeper as to be in contact with them at those points which were 
nearest each other, and the liquid was then put into it. When 
the least distance apart of the two halves of the keeper amounted 
to 2°5 millims., and when the quantity of the liquid was such 
that its circumference formed a circle of 35 millims. in diameter, 
on closing the circuit the liquid assumed such a form as, when 
seen from above, to appear bounded by an almost true geome- 
trical ellipse, the large axis of which was in the equatorial plane 
and the small axis in the perpendicular meridional plane of the 
magnet*. The former was 40 millims. and the latter 25 mil- 
lims. in length. The height of the liquid, before and after the 
closing of the circuit, was measured by the spherometer, and it 
was thus proved that the magnetic force had raised the fluid in 
the centre 1:12 millim. In fig. 8 the larger circle represents the 
original boundary of the liquid viewed from above, and this 
circle is changed by the magnetic action into the outer ellipse. 
The liquid is forced into the equatorial plane, forming in it an 
elevated ridge, the crest of which is constituted by a curve, 
which in the middle almost slopes off to a straight line, and at 
the ends, its convexity being altered, rapidly sinks down to the 
glass. The section in the meridional plane is bounded above by 
a curve elevated in the middle. 


* By this term, in conformity with Faraday’s system of notation, I denote 
all planes passing through the axial (that uniting the poles) right line. When 
any two symmetrical halves of the keeper are applied to the surfaces of the poles 
of a horseshoe magnet, there are always two principal planes, one of which 
passes through the axes of the two arms; the second, which is perpendicular to 
the first, through the central line of the magnet. Hereafter we shall denomi- 
nate the former the meridional, and the second the equatorial plane. 


35. The magnetic action exerted upon the liquid is more ap- 
parent when the quantity of the latter is diminished. When its 
circumference originally formed a circle of 25 millims., this, 
viewed from above, extended itself, becoming narrower in the 
axial and broader in the equatorial direction, into a more ex- 
centric ellipse, the axes of which were 30°5 millims. and 13 
millims. (Pl. IV. fig. 8). The axial section of the liquid, in the 
direction A B, is represented in fig. 8a; the equatorial, in the 
direction C D, in fig. 8 4. 

The upper angles of the two halves of the keeper upon which 
the watch-glass stands are indicated in figs. 8 to 12 by the two 
ares of larger radii. 

36. When the shortest distance apart of these two halves of 
the keeper was increased to 8 millims., the form of the fluid, the 
amount last used being retained, was very essentially altered. 
When viewed from above, it formed (Pl. IV. fig. 9) an oval 
figure, which deviated considerably from an ellipse. Its dimen- 
sions in the equatorial plane remained the same, but in the 
meridional plane the fluid had contracted to 14°5 millims. Fig. 
9 a@ and fig. 9 d represent the sections of the fluid in the directions 
of A Band C D respectively ; both are bounded above by almost 
straight lines. 

37. The quantity of fluid remaining the same, the poles were 
separated 15 millims. from each other; the form given in tig. 10 
then resulted, by the contraction of the original circle in the axial 
as also in the equatorial direction; in the former the convexity 
of the circle was diminished, in the latter it was changed in the 

centre into a concavity. The new boundary curve came into 
contact with the above circle, by which it was completely en- 
closed, in those four points through the perpendicular projection 
of which the upper angles of the two halves of the keeper passed. 
Viewed from above, two elevated ridges were seen; these coin- 
cided with two right lines, the projections of which were in con- 
tact with the angles of the halves of the keeper at those points 
where they were least separated; and in the centre betweenth e 
‘two a depression running parallel with them and situated in the 
equatorial plane. The two sections of the liquid in the direc- 
tions of A B and C D, in the instance described in the preceding 
‘paragraph, were here so changed that the former (Pl. IV. fig. 
10 a) acquired a depression in the centre, and the latter (fig. 10 4) 
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remaining rectilinear in the centre, formed a curve with, its,con- 
cavity turned towards the watch-glass, 

38. The two halves of the keeper were next placed at a Histanice 
of 23 millims.; the fluid then projected even beyond their upper 
angles, On closing the circuit. the fluid became extended, into 
an elongated oval, the greatest dimension of which coincided 
with the axial direction. In the centre, the surface of the fluid 
was depressed almost to the glass, and became accumulated 
perpendicularly above the angles of the two, halves of the keeper. 
The view from above is represented in fig. 11; the section.in 
the direction of AB in Pl. IV. fig. 11a... In the equatorial 
plane the oval was somewhat compressed in the centre; the'sec- 
tion in this plane corresponded, with the upper surface of, the 
watch-glass. 

39. Lastly, the poles were placed at.a distance of 31 millims. 
apart, so that the original circle formed by ‘the liquid was en- 
tirely contained. between the halves of the keeper. On exciting 
the magnetism, it was converted into a slightly excentric ellipse, 
the long, axis of which was in the meridional. plane (Pl. IV. 
fig. 12). In the equatorial plane the surface of the liquid was 
slightly depressed. 

If, with the greatly diminished magnetic tension consequent 
upon: the separation of the halves of the keeper, a current, of 
greater intensity had been used and the liquid had reached the 
halves of the keeper, it would of course have assumed a form 
somewhat. approaching that seen in the preceding case., ‘The 
eradual. transition of the form in fig. 8 to that of 12 may be 
readily followed, and considered as necessarily dependent mpAan 
the attractive forces and the cohesion of the liquid. 

40. Protochloride of iron, when dissolved in water, was found 
to be somewhat less strongly magnetic than the perchloride, and 
protosulphate. of iron still:less so... When the arrangement was 
the same as in paragraph 34,,a| concentrated. solution, of the 
latter in the, watch-glass, formed a. circle, 26, millims. in, diame- 
ter, which on the excitation of the magnetism was,.converted 
inte an ellipse, the axes.of which were 27°5 millims, and ,23°5 
millims. in length. 
|) 41. A. saturated solution of pernitrate of nickel ..was more 
powerfully magnetic than the solution of the protosulphate.of 
iron: at first it formed a circle 30:5 millims. in diameter, and 
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after the excitation of the magnetism, an ellipse, the axes of 
which were 33 millims. and 26 millims. in length. 

42. In all the preceeding experiments ten of Grove’s cells were 
set in action; but @ single cell only was sufficient to render the 
effect perceptible. In the experiments upon flame, described ‘in 
the earlier paragraphs of this memoir, two cells at least were 
required for this purpose. To observe the effect with less power- 
fully magnetic liquids, the halves of the keeper were usually placed 
at a distance of 2 millims. to 4 millims. apart. The reflection of 
the window in the liquid much facilitated the observation of the 
magnetic action, especially in those cases where the expansion 
and contraction of the fluid was only slight and difficult to: be 
perceived. A solution of commercial sulphate of copper afforded 
an instance of a slightly magnetic fluid, probably in consequence 
of its containing iron, as did likewise a solution of protosulphate 
of iron in water, 1 part to 50 by weight. 

43. It was an important point to subject diamagnetic as well as 
magnetic liquids to the same experiment; the results corre- 
sponded to my anticipations. When the two haives of the 
keeper were 2°5 millims. apart, the section in fig. 8 @ correspond- 
ing to the magnetic fluids became that represented in fig. 13. 
[In this and the following figure the diamagnetic effect is repre- 

“sented as of greater intensity than really occurs with the above 
‘intensity of the current.] |The fluid’ was expanded in the axial, 
‘whilst it was contracted in the longitudinal direction. Above 
“the centre between the two halves of the keeper, only a depression 
 “eotitracted in the equatorial direction was formed, instead of the 
former elevated ridge. When the two halves of the keeper were 
15 millims. apart, instead of the section of the magnetic liquid 
‘¥épresented in Pl. IV. fig. 10 a, a section of the form of fig. 14 
‘Was produced. The fluid expanded both in the axial and equa- 
“torial direction, forming in the equatorial plane an elevated ridge 
“and two depressions parallel with. it, the perpendicular projec- 
~ tions of which were in contact with the upper angles of the halves 
of the keeper. 
44, It was always found, when the two halves of the keeper 
were retained at a distance of from 2 to 4 millims. apart on account 
of the greater magnetic tension, that no one of the various fluids 
“which I examined was found to be indifferent. In this ‘way, 
“amongst others, the following bodies were found to be diamag- 
netic :—water, alcohol, sulphuric ether, sulphuric acid, nitric 
2Q2 
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acid, hydrochloric acid, solution of ammonia, sulphuret of car- 
bon, fatty and: volatile oils, wax in\aystate of fusion, saturated 
solutions of nitrate of bismuth, chloride of sodium, nitre, sul- 
phate of soda, and especially ferrocyanide of potassium, milk and 
blood. 

45. Mercury placed in the watch-glass' was found. to be indif- 
ferent to the magnet, which at. once gave rise to the supposition 
that this depended upon its slight amount of mobility ; and that 
this again might be explained by the fact, that it did not moisten 
the surface of the glass. But when the mercury was placed in 
a small brass’ cup which had been: recently amalgamated, it ex- 
hibited its diamagnetic reaction distinctly. 

46, The diamagnetic reaction of ferrocyanide, of potassium, 
which Dr. Faraday also observed on allowing the crystals of this 
salt to oscillate, was least to be anticipated. A saturated solution 
of the ferrocyanide in water was more powerfully diamagnetic 
than pure water. Hence it was at least to be anticipated, that 
together with the large amount of iron it contained, unusually 
powerful diamagnetic matters must be present in the double 
salt, and that the same would be found to exist in the cyanide 
of potassium, which, when combined with cyanide of iron, 
would overpower the magnetism of the latter, and have rendered 
it decidedly diamagnetic... But cyanide of potassium, when dis- 
solved in water, did not appear to render it more diamagnetic. 

47. The preceding method of observation appeared to me 
worthy of further application for two reasons,—on the one 
hand, for enabling us to detect the presence of even the slightest 
trace of magnetism or diamagnetism in any liquid; and on. the 
other, for measuring the intensity, of both. With regard to 
the first) point, it might be expected that the action of the 
magnet upon the liquid would increase considerably, when the 
latter, instead of being put into a watch-glass, was placed upon 
a thin lamina of mica lying.upon the two halves of the keeper 
(C); a short distance only apart. A strongly diamagnetic liquid 
under these.circumstances formed two double elevated ridges, 
several millimetres in height, which following exactly the two 
semicircular edges, ascended highest at that part where. the 
distance’ between the two halves of the keeper was least. 

The action of the magnet was strongest when the same two 
halves of the keeper were applied in such a manner that as 
before they were about 3 millims. apart, with their. planed 
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grooves uppermost; and the latter, one of which formed the con- 
tinuation of the other, were covered with a thin lamina of mica 
at'the spot where they are most approximated, forming a bridge 
from one half of the keeper to the other. When water, which 
is by no means one of the most strongly diamagnetic liquids, 
was then placed upon the lamina of mica, and walled in on both 
sides at some distance from the centre by wax, on looking be~ 
tween the two keepers, the water existing there was seen de- 
pressed from 5 to 6 millims. towards the lamina of mica, so as 
to enter the two grooves on opposite sides. Magnetic liquids, 
on the contrary, moved towards the centre, and there became 
raised up upon the lamina of mica. 

48. On the other hand, the two parallelopipedal halves of the 
keeper (A) were laid flat upon the magnet, and placed at a 
distance of 8 millims. apart, in which position they were fixed. 
A parallelopipedal box, made of thin sheet brass open above, the 
longest sides of which were of about the same dimensions asthe 
surfaces of the poles, was placed between the latter, and being 
about 7 millims. wide, a small space was left for its play.» A 
long glass tube of about 1°5 millim. internal diameter, which 
slowly ascended in the equatorial plane, was cemented water- 
tight into the under part of one of the two narrow sides.» When 
a diamagnetic fluid was then placed in the box in such a quan- 
tity that about a third of it was filled and at the same time 
the liquid in the tube rose to about its middle, on closing 
the circuit of a battery of from six to eight Grove’s cells, the 
fluid column, in the case of water, solution of ferrocyanide of 
potassium, and alcohol, rose from)! to 3 millims. The reverse 
occurred on using a magnetic fluid; a saturated aqueous solution 
of protosulphate of iron receded in the glass tube more than 
80 millims. : 

I shall reserve for a future communication the investigation 
of the question, how far the idea of an accurate comparative 
method of determining the intensity of the magnetism: and 
diamagnetism of liquids may be derived: from the preceding 
experiments, at present confining myself to the phenomenon 
alone. 

49. In the consideration of the motion of the liquids, the idea 
of observing also the motion of the finely divided solid matters 
mixed with them was of importance, and especially occurred in 
the examination of the blood. Faraday has already ascertained 
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that this liquid is diamagnetic, which does not surprise us, con- 
sidering that even the ferrocyanide of potassium proved to be 
so: I found this equally confirmed, whether the blood of a re- 
cently-killed frog, human blood or the beaten blood of an ox 
was put into the watch-glass (44), and also when the corpuscles 
were separated by filtration, dried, and suspended in the form 
of a solid mass between the apices of the poles by means of a 
silk-worm thread. Another point of interest was the observa- 
tion of the corpuscles of the blood separately, as swimming in 
the serum. 

50. To render the microscope applicable, which for this pur- 
pose was essential, I at first used the halves of the keeper (B)3; 
and instead of the conical points, screwed on two others, the lower 
half of which was filed off, into them, so that, even when the 
points were approximated as much as possible, the glass upon 
which the object was placed could be brought into almost abso- 
lute contact with them, whence both the points and the object 
could be simultaneously brought into the field of the microscope. 

In most cases, however, on account of the greater magnetic 
tension and more ready adjustment, I preferred applying the two 
parallelopipedal halves of the keeper (A) flat, and fixing them 
at a distance of 3°5 millims. apart; then placing a lamina of 
mica or thin glass above two of the upper and opposite angles 
of the two halves of the keeper, and so adjusting the microscope 
that the mirror reflected the light to the object through the 
space between the surfaces of the poles. 

51. In whatever manner the observation was made, indiffer- 
ently whether the blood of the frog or of any other animal was 
placed upon the glass or plate of mica, or whether it was used 
in its pure state or mixed with water, a repulsion of the whole 
mass of the liquid was always observed, as also a distinct repul- 
sion of the corpuscles of the blood themselves. Hence the latter, 
in which chemical analysis has proved the iron present to be 
contained, appear more powerfully diamagnetic than the serum 
in which they are originally suspended, and also more so than 
the water in which they were placed. 

52. Milk, with its minute fatty globules, exhibited the same 
reaction under the microscope as the blood. 

53. For the purpose of ascertaining by a direct experiment 
whether very minute corpuscles contained in a liquid really ac- 
guire independent movements by the action of a magnet, I placed 
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some globules, of starch: from a recently-cut potato, in a little 
water /on mica upon, one, of the angles of the parallelopipedal 
halves of the keeper; simultaneously with the water, they were 
repelled and driven outwards between the angles. of the poles. 
But when placed in a dilute solution of the protosulphate of iron, 
instead of water, they were at first forcibly, attracted towards the 
middle. of the upper angles simultaneously with the liquid; but 
when the liquid had acquired, a state of rest, they resumed their 
independent motion, and were repelled outwards by the poles. 

* * * * * 

_ 54. The first paragraph in the preceding memoir had already 
been despatched, before I had: obtained the slightest knowledge 
of Faraday’s last. paper upon the. diamagnetism, of gases. ‘The 
mere communication of the statement that No. 732 of the Journal 
?Jastitut contained a.report of this paper induced me to hasten 
in despatching this first. paragraph, which, although it had 
long been completed, had been intentionally kept back, to await 
the result of two experiments, one of which merely consists 
in.a repetition of one of the experiments discussed in the pre- 
ceding paragraphs; and the other, which had been designed at 
the very commencement of my experiments upon the diamag- 
netism. of gases, was obliged to be postponed for want of sun- 
shine to the time when I should be able to institute my ex- 
periments. _ The last experiment certainly now loses the interest 
of novelty in consequence of Faraday’s communication; how- 
ever I shall detail it in these supplemental investigations, although 
still in an imperfect state, because it serves to complete. the 
-series of experiments which I have described in the earlier 
paragraphs. 

_ 55. To begin with the first of the two experiments mentioned 
in the preceding paragraph, it is a matter of daily experience 
that when. the sun shines upon a hot stove, the ascending air, 
and, upon an adjacent wall its shadow, are very distinetly seen. 

_ This then was a means of rendering ascending heated .air visible, 
_and thus of deciding whether heated air is more diamagnetic 

than cold air, which, judging from the experiment upon flame, 
_i considered as probable (14), although I could not form. any 

opinion as to the demonstrability of the point by experiment. I 
_ therefore placed a spiral of thin platinum wire, somewhat curved 
_toward the top, and with its long axis equatorial beneath the 
_ approximated apices of the poles of the electro-magnet.. When 
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the current of six elements was transmitted through it, the’ 
spiral became white hot, a heated current of air quietly ascended: 
between the/apices ‘of the poles under the case of the torsion- 
balance, and threw a well-defined shadow upon a:sheet of white 
paper which was held behind it. Unfortunately the sun com- 
pletely disappeared just at the moment when the magnetism was 
about to be excited by closing the circuit, Butias Faraday has 
made the corresponding experiment by showing the equatorial 
deflection of an ascending current of heated air, by thermometers 
placed above and at the sides, there is no longer any doubt that 
even in: my arrangement the shadow which directly ascended 
would have separated inte two parabolic branches. ) 

56, Every one, who, has but once seen the smoke from a 
flame of turpentine ‘or the vapour of iodine ascending between: 
the apices of the poles, must also be convinced how by Faraday’s 
beautifuhprocess,—in which he placed vessels above (or beneath), 
and, onthe side of the gaseous current whilst directly ascending, 
to receive it, and subsequently found that those gases, which are 
more diamagnetic than the air, did not enter the upper (or under) 
vessel, but that placed at: the side,—we may obtain general re- 
sults. But when the examination of the various gases becomes the 
question, my series of experiments, in which I confined myself 
to the action of the magnet upon visible gases,—the experiment: 
of causing colourless gases to ascend in coloured gases, and thus 
rendering them visible, was neither carried out by myself nor 
was: its practicability at all tested,—become inferior to those 
of Faraday. , ) 

57. However I shall finally again direct attention to the expe- 
riment described in the earlier paragraphs, viz. that of directly 
proving the diamagnetism of the air by its rarefaction in exactly 
the same manner, as its expansion by heat is shown by an ordi- 
nary air-thermometer. Although I was then compelled to report 
the failure of the experiment, which was twice performed in an: 
unsatisfactory manner, still I never lost sight of it, nor doubted 
for an instant of its ultimate success. Iam now able to assert that 
it has succeeded most beautifully. 

L applied the two halves: of the keeper (C), with their semi- 
circular ends turned towards each other and fixed at the very 
short distance of 5 millims. apart, upon the poles of the horse- 
shoe electro-magnet ; and had a vessel made of thin sheet brass, 
which fitted as accurately as possible between the two keepers, but 
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leaving a small space for its play. The vessel was 4] millims. in 
height and 93 millims. in length in the equatorial direction ; ‘in 
the axial direction, 4:5 millims. in breadth in the middle, and 40 
millims. in*breadth at the two ends; it was everywhere closed 
air-tight, except that a glass tube, 1 millim. in diameter, which 
was placed horizontally in the equatorial plane, was let into the 
middle of one of the two almost square walls.’ After the tem- 
perature was found to remain constant at 53° F,, the vessel was 
slightly warmed by the contact of the hand; and then, to’ con+ 
fine the air inside, a drop of alcohol was placed at the orifice 
of the tube. On withdrawing the hand, the drop:ran into the 
tube and settled near the vessel. The magnetism was then ex- 
cited by closing a circuit of twelve Grove’s elements, and at the 
same instant the drop of alcohol was driven 3 millims. nearer to 
the orifice of the glass tube; and after some time, when it had 
become stationary, the circuit was again opened; it then returned 
to exactly the original position, the latter movement being more 
rapid than the former. Thus, in consequence of the diamagnetic re- 
pulsion, the air became expanded by the electro-magnet, and on the 
disappearance of the magnetism it returned to its original volume. 

58. The vessel described in the preceding paragraph can be 
opened and closed in the middle of the other lateral wall, that 
which is opposite to the one in which the glass tube is let in, 
and thus may be filled with any kind of gas. Hence these can 
be tested as to their diamagnetism in the same manner as the air, 

Lastly, on the same principle, we can determine the influence 
of heat upon the diamagnetism of gases; and we are not only 
able to observe the diamagnetism of any gases at a given tem- 
perature, but we can also measure it. 

. 59. Since, according to the other methods of determination, 
any gas which is not enclosed can only be experimented upon 
in the air or some other gas by this means, independently of 
admeasurements being then out of the question, we can: only 
arrive at relative determinations. We can, in that case, only 
suppose that air, with all other gases, is diamagnetic. ‘The phe- 
nomena would remain the same in all experiments of the: kind, 
if the air and all gases, instead of being diamagnetic, were mag- 
netic, supposing however that those which in reality are most 
powerfully diamagnetic were least magnetic. 

60. The results obtained in par. 57 appeared to me remarkable 
in many respects, and especially because they directly prove 
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the existence of an analogy between heat and the power of 
the magnet: both expand air and gaseous bodies. It has been 
shown, that around a magnet, even the air which is not enclosed 
becomes rarefied by it; and this rarefaction must necessarily 
increase with the approximation of the poles. Hence Mariotte’s 
law; strictly considered, ceases to be correct as ordinarily admit- 
ted. The barometer or manometer does not indicate the density 
of the air, when we take into consideration the temperature 
only without regard to its diamagnetic condition, 
Bonn, 22nd and 31st of January, 1848, 
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ARTICLE XVII. 


On a simple Method of increasing the Diamagnetism of Oscilluting 
\ Bodies: Diamagnetic Polarity. By Prof. Puiicxrr. 


[From Poggendorff’s Annalen for March 1848] 


1. FARADAY’S fundamental experiment may even be re- 
peated with a feeble steel magnet; and it can thus be shown 
that a bar of bismuth, when suspended by means of a silk- 
worm thread between its two poles, is repelled by them, and 
settles in the equatorial position. But the diamagnetic repul- 
sion of bismuth is very slight in comparison with the magnetic 
attraction of iron; hence every means of increasing the diamag- 
netic force is desirable. A means of effecting this is obtained 
by merely placing close beneath the oscillating bar of bismuth a 
bar of iron, arranged equatorially in the middle of the space be- 
tween the two poles of the horseshoe iron magnet, and fixing it 
in this position. It is at once evident that the bar of bismuth 
then tends to assume the equatorial position with greater force ; 
and it is easy, by the oscillating method, to determine the pro- 
portion in which the diamagnetic directive force has become 
increased by the application of the iron bar. 

2. Among other experiments I made the following :-~I placed 
the two halves of the keeper C (see par. 2 of the preceding me- 
moir) in such a manner upon the large electro-magnet, with their 
grooves downwards, that their rectangular terminal surfaces 
were turned towards each other and formed the surfaces of the 
poles. They were 40 millims. in height, 59 millims. broad in 
the equatorial direction, and were kept at a constant distance of 
16°5 millims. by placing between them two pieces of brass, each 
of which was 6 millims. in thickness, and in the middle enclosed 
an iron bar 4°5 millims. in thickness and as long as the breadth 
of the surfaces of the poles. A small cylinder of bismuth, 2 
millims. thick and 25 millims. long, when suspended by a silk- 
worm thread so as to oscillate between the surfaces of the poles 
at a level somewhat below that of their upper angles and close 


580 PLUCKER ON DIAMAGNETIC POLARITY. 


above the enclosed iron bar, on exciting the magnetism by four 
feebly charged Grove’s cells, assumed a very decided equatorial 
position, and when moved from the equatorial position made 90 
oscillations during the space of half a minute. After opening 
the circuit, the pieces of brass and the iron bar were removed 
without disturbing the two halves of the keeper. The bar of 
bismuth then also assumed a decided equatorial position, making 
however only 36 oscillations during the space of half a minute. 
Hence the directive force of the bar of bismuth had increased 
by the addition of the equatorial bar of iron in the proportion of 
36? to 90”, or of 
1 to 6°25; 

thus more than siafold. 

3. When a hardened bar -of steel a little thicker was used 
instead of the bar of soft iron, the corresponding numbers of the 
oscillations were 78 and 34. Hence the directive force had be- 
come increased by the steel bar in the proportion of 

1 to 5°26. 

4. I shall limit myself here to the communication of a single 
observation, and merely add a few words upon what gave rise 
to it. 

Faraday’s explanation of diamagnetic phzenomena is so €vi- 
dent, that it would have occurred to every philosopher. In my 
lectures last summer I expressed it in the following words :— 
“Jn bismuth every north pole of a magnet induces a north pole, 
each south pole a south pole.” Diamagnetic polarity is a neces- 
sary consequence of this explanation. I then tried in vain to 
detéct this polarity. Among other things, I caused a small bar 
of bismuth to oscillate between the ends of the poles of the cy- 
linders, inserting however in the two perforated appendages of 
the poles, instead of the cylinder of iron pointed in front, a 
similar one made of bismuth; but on superficial examination I 
did not observe that any change was produced by the cylinder 
of bismuth. The results obtained by Reich and Weber induced 
me again to take up my former experiments; and this was the 
origin of the observation described above. It appears to confirm 
(at' least it was instituted with a view to this point) what the ex- 
periments of Poggendorff have already directly proved, viz. that 
a bar of bismuth in the equatorial position is a real transversal 
magnet, which turns the line of its north pole to the north 
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pole and. the line of \its, south pole tothe south pole of the 
magnet... When this was, communicated to me in a friendly 
manner, I immediately .repeated.the experiment with a single 
pole of the magnet only, and showed. the polarity of the bar of 
bismuth alluded, to in Poggendorff’s,Annalen for March, p. 4755 
and this.not only on the side turned towards the exciting pole, but 
also on that turned from it, by the attraction and repulsion in 
the ordinary manner... Except that I principally used for this 
purpose.a soft iron. bar, and that pole of the magnet which acted 
diamagnetically upon the bismuth; I also gave it, according to 
the position in which it was kept, the polarity required in each 
instance. 

5. Although the above experiments show indisputably that 
diamagnetism consists in a polar excitation, still there are great 
difficulties to be overcome before this theory can be considered 
as generally established. These long appeared to me so great, 
that I completely laid them aside, and did not again resume 
them until the polarity had been so decidedly proved. In fact, 
I think, after a superficial mathematical consideration, that 
the repulsion of the optic axes of crystals by the magnet, which 
I was the first to observe, and the preponderance of this repul- 
sion, when the poles are a great distance apart, over the mag- 
netic or diamagnetic action upon their substance, might be very 
easily explained by a supplemental assumption; but the facts 
described in my second memoir appear to me inexplicable even 
at the present time. When a piece of wood-charcoal (merely in 
consequence of its form, and as the longitudinal direction may 
be taken as either in or against the direction of the fibres, 
quite independently of its structure) in close proximity to the 
poles assumes an equatorial position and at a great distance an 
axial. position, this is expressed in the language of theory as 
follows :—The poles of the magnet excite in the charcoal Am- 
pére’s molecular currents, which, when the poles are approxi- 
mated, perhaps run from east to west; when the poles are sepa- 
rated, run from west to east. 

_6, According to the experiment last detailed, it cannot be 
doubted that as the. distance of the two poles apart is increased 
the molecular currents in the charcoal, (at least the resulting 
ones) reverse their direction, because they first produce diamag- 
netism and then magnetism: we are therefore compelled to 
admit that the same pole of the magnet, according to the dif- 
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ferent distance, excites* diamagnetic or magnetic molecular cur- 
rents in the same mass; or, what I consider more probable; that 
in phenomena of this kind magnetic and diamagnetic substances 
are always mixed, in which the different molecular currents simul- 
taneously exist, and that then, as the distance between the poles 
increases, the diamagnetic currents diminish in intensity more 
rapidly than the magnetic. The following question appears im- 
portant as regards theory :—Does the different distance of the 
poles of the electro-magnet come under consideration directly as — 
such, or indirectly only, inasmuch as a diminution of the force 
corresponds to a greater distance? In the first of these two 
alternatives, 1 should unconditionally lay aside the theory;for 
if magnetic and diamagnetic currents, when the magnetic force is 
the same, diminish with the distance according to a different law, 
I could not possibly regard the two as ddeniical in their nature. 
I can however far more easily imagine, that when two forces 
produce opposite rotations, these rotations, when a different re- 
sistance is to be overcome, are not proportional atithe same 
distance to the forces which produce them. If, e.g. by way of 
comparison, we take two wheels, which two forces A and B 
strive to rotate in opposite directions, and premise that the re- 
sistance to the first direction of rotation is much greater than 
that to the second; the rotation of the first wheel may then be 
slower than that of the second, although the force B is con- 
siderably less than the force A, which however ceases to be the 
case when, on the increase of the forces, the total resistance to the 
magnitude of the force A ceases to be appreciable. In this point 
of view the force A would correspond to the diamagnetic, and 
the force B to the magnetic forces. 

7. For the purpose of determining which of these two alter- 
natives occurs in nature, I made the following decisive experi- 
ment :— 

I took a small piece of box-wood charcoal, which when at a 
considerable distance from the poles of the electro-magnet acted 
magnetically, whilst at a less distance it was diamagnetic. I 
excited the current by means of a@ single Grove’s cell, and placed 
the poles at such a distance from each other that the pieces of 
charcoal assumed a decidedly axial position. I next used two 

* The magnetic currents must be considered as pre-existing, as in iron, and 


merely turned by the magnet into the same direction as its own.—PocaeEn- 
DORFF. 
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elements; it was then difficult to determine whether it acted 
magnetically or diamagnetically. With three elements however 
it assumed a decidedly equatorial position, and the diamagnetic 
force which brought it decidedly into this position continued to 
increase on using a larger number of elements. I went on with 
this experiment until I had used six elements. 

- A second experiment with another piece of charcoal gave the 
same result, except that with three elements it was still very 
slightly magnetic, but with four elements it acted decidedly 
diamagnetically. 

Hence, the distance remaining the same, augmentation of the 
force of the poles of the magnet converis the magnetism of wood- 
charcoal into diamagnetism. 

This result, which I had not before anticipated, but which was 
to be expected in a purely theoretical point of view, appears to 
me to form a remarkable cenfirmation of the theory of diamag- 
netism adopted by Faraday, Reich, Weber and Poggendorff, in 
which I now entirely coincide. 

Bonn, February 21, 1848. 
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ArTICLE XVIII. 


Experimental and Theoretical Researches on the Figures of 
Equilibrium of a Liquid Mass withdrawn from the Action of 
Gravity. By J. Puarsau, Professor at the University of 
Ghent, Member of the Royal Academy of Belyium, &c. 


SEcOND SERIES*. 


Preface. 


Ar the period when attacked by the disease which has entirely 
deprived me of sight, I had terminated the greater part of the 
experiments relating to this series, as well as the following. 
M. Duprez, correspondent of the Brussels Academy, and 
M. Donny, had the kindness to undertake those which were 
still wanting. I constantly directed their execution; nearly all 
were made in my presence, and I followed all the details. I 
have therefore considered myself justified, in order to simplify 
the description, in expressing myself in the course of this in- 
vestigation as if I had made the experiments. 

With respect to the theoretical portions, I am indebted to 
the able assistance of one of my colleagues, M. Lamarle, who 
has most kindly devoted many long hours to. listening to the 
details of my investigations, and to aiding me in the explanation 
of several difficult points. I am also indebted to another of my 
colleagues, M. Manderlier, for the execution of a part of the 
calculations. 

May I be permitted to express in this place my gratitude to 


* The memoir published in vo]. xvi. of the Memoirs of the Royal Academy 
of Belgium (and translated in vol. iv. of the Scientific Memoirs) under the 
title of “‘Memoir on the Phenomena of a free Liquid Mass withdrawn from 
the Action of Gravity, First Part,” constitutes the first series of these researches. 


A different title has been adopted for the other series, because the preceding ~ 


was not applicable to the entire work. 
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these devoted friends? Thanks to their generous help, science 
is still an open field for me: notwithstanding the infirmity with 
which I am afflicted, I am able to put in order the materials I 
have collected, and even to undertake fresh researches. 


Preliminary Considerations and Theoretical Principles. General 
Condition to be satisfied by the free Surface uf a Liquid Mass 
withdrawn from the Action of Gravity, and in a state of 
equilibrium. Liquid Sphere. 


1. THE process described in the previous memoir enabled 
us to destroy the action of gravity upon a liquid mass of con- 
siderabie volume, leaving the mass completely at liberty to 
assume the figure assigned to it by the other forces to which 
it is subject. This process consists essentially in introducing 
a mass of oil into'a mixture of water and alcohol, the density of 
which is exactly equal to that of the oil employed. ' The mass 
then remains suspended in the surrounding liquid, and behaves 
as if withdrawn from, gravity. By this means we have studied 
a series of phenomena of configuration, dependent either simply 
upon the proper molecular attraction of the mass, or upon the 
combination of this force with the centrifugal force. We shall 
now abandon the latter force, and introduce another of a dif- 
ferent kind, the molecular attraction exerted between liquids and 
solids: in other words, we shail cause the liquid mass to adhere 
to solid.systems, and study the various forms assumed under 
these circumstances by those portions of the surface which re- 
main free. In this way we shall have the curious. spectacle 
presented by the figures of equilibrium appertaining to,a liquid 
mass, absolutely devoid of gravity and adherent to a given solid 
system. 

_ But the figures which we shall obtain present another kind of 
interest. ‘Ihe free portions of their surface belong, as we shall 
show, to more extended figures, which may be conceived by the 
imagination, and which, in the same condition of total absence 
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of gravity, would. belong to a perfectly free liquid mass; thus 
our processes will partially realize the figures of equilibrium: of a 
mass of this kind. The latter are far from being confined to the 
sphere; but among them the sphere alone is capable of being 
completely formed, the others presenting either infinite dimen- 
sions in certain directions, or other peculiarities which we shall 
point out, and which equally render their realization in the com- 
plete state impossible. 

Moreover, the results at which we shall arrive will constitute 
so many new and unexpected confirmations of the theory of the 
pressures exerted by liquids upon themselves in virtue of the 
mutual attraction of their molecules, a theory; upon which the 
explanation of the phenomena of capillarity is based. 

Lastly, in our liquid figures we shall discover remarkable pro- 
perties, which will lead us to some important applications. 

2. In order to guide us in our experiments, and also to enable 
us to comprehend, their bearing, we shall first consider the 
question in a purely theoretic point of view. The action of 
gravity being eliminated and the liquid mass being at rest, the 
only forces, upon which the figure of equilibrium will depend 
will be the molecular attraction of the liquid for itself, and, that 
exerted between the liquid and the solid system to which we 
cause it to adhere. The action of the latter force ceases at an 
excessively minute distance from the solid; hence in regard to 
any point of the surface of the liquid situated at a sensible distance 
from the solid, we have only to consider the first of the two 
above forces, i. e. the molecular attraction of the liquid for itself. 

The general effect of the adhesive force exerted between the 
liquid and the solid, is to oblige the surface of the former to pass 
certain lines; for instance, if a liquid mass of suitable volume 
be caused to adhere to an elliptic plate, the surface of the mass 
will pass, the elliptic, outline, of the plate., At every point. of 
this surface, situated, ata sensible, distance from. this mar- 
gin, the molecular attraction |of the, liquid for itself alone is in 
action. 

Let us now examine into the fundamental condition which all 
points of the free surface of the mass must. satisfy, in virtue of 
the latter force. 

The determination of this condition and its analytical. ex- 
pression, are comprised in the beautiful theories upon which the 
explanation of the phznomena of capillarity are based, although 
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geometricians have not specially studied the problem of the 
figure ofa liquid mass void of gravity adherent to a given solid 
system. We shall therefore now resume the principles and the 
results of the theories in question, at least those which relate 
directly to our subject. 

3. Within the interior of a liquid mass, at any notable 
distance’ from its surface, each molecule is equally attracted in 
every direction ; but this is not the case at or very near the sur- 
face. In fact, let us consider a molecule situated at a distance 
from the surface less than the radius of the sphere of sensible 
activity of the molecular attraction, and let us imagine this miole- 
cule to be the centre of a small sphere having this same radius, 
It is evident that one portion of this sphere being outside the 
liquid, the central molecule is no longer equally attracted in 
every direction, and that a preponderating attraction is directed 
towards the interior of the mass. If we now imagine a recti- 
linear canal, the diameter of which is very minute, to exist in 
the liquid, commencing at some point of the surface in a direc- 
tion perpendicular to the latter, and extending to a depth equal 
to the above radius of activity, the molecules contained in 
this minute canal, in accordance with what we have stated, will 
be attracted towards the interior of the mass, and the sum of 
all these actions will constitute a pressure in the same diree- 
tion. Now the intensity of this pressure depends upon the 
eurves of the surface at that point at which the minute canal 
commences. In fact, let us first suppose the surface to be con- 
caye, and let us pass a tangent plane through the point in 
question. All the molecules situated externally to this plane, 
and which are sufficiently near the minute canal for the latter 
to penetrate within their sphere of activity, will evidently attract 
the line of molecules which it contains from the interior towards 
the exterior of the mass. If therefore we suppressed that portion 
of the liquid situated externally to the plane; the pressure exerted 
by the line would be augmented, Hence it follows that the 
pressure corresponding to a concaye surface is less than that 
which corresponds to a plane surface, and we may conceive that 
it will be less in proportion as the concavity is more marked. 

If the surface is convex, the pressure is, on the contrary, 
greater than when the surface is plane. To render this evident, 
let us again draw a tangent plane at that point at which the 
line of molecules commences, and Jet us imagine for a moment 
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that the space included between the convex surface and this 
plane is filled with liquid. Let us then consider a molecule, m, 
of this space sufficiently near, and from this point let fall’ a per- 
pendicular upon the minute canal. The action of the molecule 
m upon the portion of the line comprised between the base of 
the perpendicular and the surface, will attract this portion towards 
the interior of the mass. If afterwards we take a portion of the 
line equal to the former from the other side of the perpen- 
dicular, and commencing at the base of the latter, the action of 
the molecule m upon this second portion will be equal and op- 
posite to that which it exerted upon the first; so that these two 
portions conjointly would neither be attracted towards the in- 
terior nor the exterior of the mass; if beyond these two same 
portions another part of the line is comprised within the 
sphere of activity of m, this part will evidently be attracted 
towards the exterior. The definitive action of m upon the 
line will then be in the latter direction. Hence it follows 
that all the molecules of the space comprised between the’ sur- 
face and the tangent plane which are sufficiently near the line 
to exert an effective action upon it, will attract it towards the 
exterior of the mass. If then we suppress this portion of the 
liquid so as to reproduce the convex surface, the result will 
be an augmentation of the pressure on the part of the line. 
Thus the pressure corresponding to a convex surface is greater 
than that corresponding to a plane surface, and: its amount 
will evidently be greater in proportion as the convexity is more 
marked. 

4. If the surface has a spherical curvature, it may be demon~ 
strated that, representing the pressure corresponding to a plane 
sur‘ace by P, the radius of the sphere to which the surface belongs 
by 7, and by A a constant, the pressure exerted by a line of mole- 
cules, and reduced to unity of the surface, will have the following 
eee Pye, Re ee ee 
v being positive in the case of a convex, and negative in that of 
a concave surface 

Whatever be the form of the surface, let us imagine two 
spheres, the radii of which are those of greatest and least curva- 
ture at the point under consideration. It is evident that the 
pressure exerted by the line will be intermediate between 
those corresponding to these two spheres, and calculation shows 
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that itis exactly their mean. Denoting the two radii in question 
by Rand R’, the pressure exerted by the line, referred to the 
unity of surface, would be 


3 neenees: 
gies Gua Soci col ek Suh & tah teen (2.) 


The radii R and R’ are positive when they belong to convex 
eurves, or, in other terms, when they are directed to the interior 
of the mass; whilst they are negative when they belong to con- 
cave curves, i.e. when they are directed towards the exterior. 

5. From the preceding details we can now easily deduce the 
condition of equilibrium relative to the free surface of the mass. 
_/ The: pressures exerted by the lines of molecules which com- 
mence at the different points of the surface are transmitted to the 
whole mass ; consequently, for the existence of equilibrium in the 
latter, all the pressures must be equal to each other. In fact, 
let us. imagine a minute canal. running perpendicularly from 
some point of the surface, and subsequently becoming recurved 
so as to terminate perpendicularly at a second point of this same 
surface, it is evident) that equilibrium can only exist in this 
minute canal when the pressures exerted by the lines which 
occupy its two extremities are equal; and if this equality ex- 
ists, equilibrium will necessarily exist also. Now the pressures 
exerted by the different lines depend upon the curves of the 
surface at the point at which they commence; these curves must 
therefore be such, at the various points of the free surface of the 
mass, as to determine everywhere the same pressure. 

Such is the condition which it was our object to arrive at, and 
to which in each case the free surface of the mass must be 
subject. 

- Theanalytical expression of this condition is directly deducible 
from the general value of the pressure given in the preceding 
paragraph; we only require to equalize this value to.a constant, 
and as the quantities P and A are themselves constant, it is in 
fact sufficient to make 
to ts: 1 ] 
RTR 
the quantity C being constant for the same figure of equilibrium. 
» This equation is the same as those which are given by geome- 
tricians for capillary surfaces, when, in the latter equations, the 
quantity representing gravity is supposed to be 0, 
»/ Rand R/ may be replaced by their analytical values; we are 
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thus led to a complicated differential equation, which only ap- 
pears susceptible of integration in particular cases. Yet the 
equation (3.) will be igehuk to us in the above simple form. Now 
we know that the normal plane sections which correspond to 
the greatest and the least curvature at the same point of any 
surface, form a right angle with each other... Geometricians 
have shown, moreover, that if any two other rectangular planes 
be made to pass through the same normal, the radii of curvature, 
p and »', corresponding to the two sections thus determined, will 


be such that the quantity as will be equal to the quantity 


wri lv" Hence the first of these two quantities may be substi- 
tuted for the second; and consequently, the equation of equili: 


brium, in its most general expression, will be 


ate Ween s Se 2S 
in which equation p and ¢’ denote the radii of curvature of any 
two rectangular sections passing through the same normal, 

6. These geometric properties lead to another signification of 
the equation (4.).. We know that unity divided by the radius 
of curvature corresponding to any point of a curve is the measure 


: ? 2a dined 
of the curvature at this point. The quantity -+-— represents 


then the sum of the curvatures of two normal rectangular sec- 
tions at the point of the surface under consideration. This being 
admitted, if we imagine that the system of the two planes occu- 
pies successively different positions in turning around the same 
normal, a sum of curvatures dyg74 APL ae ie &e. will 
correspond to each of these positions; and, according) to the 
property noticed in the preceding paragraph, all, these sums 
will have the same value. Consequently, if we add them toge- 
ther, and let x denote the number of positions of the system 
of the two planes, the total sum will be equal to » times the 


value of one of the partial sums, or to (C+ i Now this 


total sum is that of all the curvatures dy by is tho &c. in number 


2n, corresponding to all the sections determined by the two 
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planes. If then we divide the above equivalent quantity by 2n, 
the result sat a will represent the mean of all these curva- 


tures. Now as this result is independent of the value of n, or 
of the number of positions occupied by the system of the two 
planes, it will be equally true if we suppose this number to be 
infinitely great, or, in other words, if the successive positions of 
the system of the two planes are infinitely approximated, and 
consequently if this same system turns around the normal in 
such a manner as to determine all the curvatures which belong 
to the surface around the point in question. The quantity 


3(¢+7) represents then the mean of all the curvatures of 


the surface at the same point, or the mean curvature at this 
point. Now if, in passing from one point of the surface to 


another, the quantity atF retains the same value, i.e. if for 


the whole surface we have a =C, this surface is such, that 


its mean curvature is constant. 

Considered in this purely mathematical point of view, the 
equation (4.) has formed the object of the researches of several 
geometricians, and we shall profit by these researches in’ the 
subsequent parts of this memoir. 

Thus our liquid surfaces should satisfy this condition, that the 
mean curve must be the same everywhere. We can understand 
that if this occurs, the mean effect of the curvatures at each 
point upon the pressure corresponding to this point also remains 
the same, and that this gives rise to equilibrium. Hence we 
now see more clearly the nature of the surfaces we shall have to 
consider, and why they constitute surfaces of equilibrium. 

6*. We must now call attention to an immediate consequence 
of the theoretical principles which have led us to the general 
condition of equilibrium. According to these principles, each 
of the lines of molecules exerting upon the mass the pressures 
upon which its form depends, commences at the surface and ter- 
minates at a depth equal to the radius of the sensible activity of 
the molecular attraction; so that these lines collectively con- 
stitute a superficial layer the thickness of which is equal to the 
radius itself, and we know that this is of extreme minuteness. 
It results from this that the formative forces exerted by the 
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liquid, upon, itself emanate,solely from an excessively thin: super=: 
ficial, layer.» We shall.denominate this. consequence the pcg 
ciple of the superficial layer. 2 

7. A’spherical surface evidently satisfies the condition of equis: 
librium, because ali the curvatures) in>it.are the same at each: 
point; also when, our mass is perfectly free, de. when it is not 
adherent to any solid-which obliges its: surface to assume some 
other. curve, it.in fact takes the ferm of the sphere, as Shown in 
the preceding) memoir. 

8. Before proceeding further, we ought) to elucidate one point 
of great, importance \in,regardto the experimental part of our 
inyestigations...| The liquid mass in our experiments being im- 
mersed in, another, liquid, the question may be asked whether’ 
the molecular’ actions. exertedsby the latter exert. no influence 
upon the figure produced, or, in other words, whether the figure 
of equilibrium of a liquid mass, adherent to a solid system, and 
withdrawn from the action of gravity by its immersion in another 
liquid of the-same density as itself, is exactly the same.as if the 
mass adherent ) to) the, solid. system were really deprived’ of 
gravity and were placed-in vacuo. . Now we-shall-show that this 
really.is the case... The molecular, actions»resulting fromthe 
presence, of the surrounding liquid.are-of two kinds, viz. those 
resulting from the attraction of this liquid, for itself, and those 
resulting from the mutual attraction, of the two liquids. Letous 
first consider the former, imagining for an instant that the others 
do.not exist... The surrounding liquid, being applied to the free 
surface of the immersed mass, the former presents in intaglio the 
same figure as the latter mass presentsin reliet,, Those molecules 
of this same liquid which are near the common surface of the:two 
media must, then, exert. pressures, of the same nature as those 
which .we. have',considered, throughout the preceding details, 
towards the, interior, of the, liquid) to, which they: belong, and» 
these pressures. must, consequently alsompart a figure of equi- 
librium. to.the surface in intaglio;,so that if the immersed mass 
of itself had no tendency to assume,any one figure rather than 
another, the surrounding) liquid would give it, a determinate one, 
by. compelling it,to, mould itself,in the above hollow. figure. 
This is, why. a bubble of air in, a, liquid assumes the globular form, - 
solely in. consequence of the pressures, exerted by the liquid upon» 
it... Now let us.suppose -that,.the immersed mass has assumed: 
that figure which.it-would acquire in-vacuo if really deprived of — 


. 


= 
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gravity; the analytical condition of paragraph 5 would then be 
satisfied as regards this mass.» Now at each point of the common 
surface of the two media, the radii of curvature p and p! have the 
same absolute values, both in the case of the immersed mass 
and of the hollow figure of the surrounding liquid, except that 
their signs are contrary, according as they are considered as re- 
ferring to one or the other of the two liquids. ‘To pass from one 
of the two figures to the other, we need therefore only change 
the signs p and 9’, or, what comes to the ‘same ‘thing, change 
the sign of the constant C.. Changing the sign does not destroy 
the condition of equilibrium ; and consequently, if the immersed 
mass is in equilibrium as' regards its own molecular attractions, 
the same will hold good in the ‘case of the hollow figure of the 
surrounding liquid. ‘The pressures of the latter liquid cannot 
therefore by themselves produce any modification in the figure 
of equilibrium of the immersed mass. 

Let us now introduce the second kind of molecular actions, 
i.e. the mutual attraction of the two liquids, and see what will 
be its effects. Let us imagine, for an instant, that the immersed 
mass, or, for the sake of fixing the ideas, the mass of oil in our 
experiments is replaced by the same kind of liquid as that which 
surrounds it, 7. e. by the alcoholic mixture. In’ other words, 
supposing the vessel to contain ‘only the alcoholic mixture and the 
solid system, let us limit, in’ the imagination, a portion within 
the liquid, of the same figure and dimensions, and situated in the 
same manner as the preceding mass of oil. It is then clear that 
the molecules of the mass near its surface being, like those of 
the interior, completely surrounded by the same kind of liquid 
beyond their sphere of activity, these molecules will no longer 
exert any pressure upon the mass; consequently the pressures 
which would exist if this mass could be isolated, must be con- 
sidered as destroyed by the attractions emanating from the sur- 
rounding liquid. The latter forces are therefore all equal and 
opposite to the pressures in question. Now as these are all 
equal to each other in accordance with the figure which we have 
attributed to the imaginary surface of the mass, the attractions 
emanating from the surrounding liquid will also all be equal to 
each other. If we now replace the mass of oil, the attractions 
emanating from the surrounding liquid may certainly alter in 
absolute value, but it is evident that they will retain their direc- 
tions, and that they will remain equal to each other; we there- 
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fore see that they will only diminish, by the same quantity, all 
the pressures exerted by the mass of. oil upon itself; ‘conse- 
quently, as all the differences remain equal to each other, the 
condition of equilibrium will still be satisfied as regards that 
mass. It is evident that the same mode of reasoning may be 
applied to the pressures exerted by the surrounding liquid upon 
itself, pressures which will retain their directions, all of which 
will only be diminished to the same extent by the attractions 
emanating from the oil; so that the condition of equilibrium will 
still be satisfied as regards the hollow figure of the surrounding 
liquid. Thus the whole of the molecular actions due to the pre- 
sence of the surrounding liquid will not tend in any way to 
modify the figure of equilibrium of the immersed mass, which 
fizure will consequently be identically the same as if that mass 
were really void of gravity and were placed am vacuo. We can 
therefore leave the surrounding liquid completely out of the 
question, its sole function being to neutralize the action of gravity 
upon the mass forming the object of the experiments. 

9. We shall now pass to the experimental part. And first, to 
avoid useless repetition, we shall say a few words relative to 
the apparatus to be used. As the liquid always consists of 1a 
mass of oil immersed in an alcoholic mixture of the same density 
as itself, our solid systems will all consist of iron ; and this for 
the following reasons. In ordinary circumstances oil contracts, 
I believe, perfect adhesion with all solids; but this is not 
exactly the case when the same oil is plunged into a mixture of 
water and alcohol; for then, in the case of certain solids, as 
e. g. glass, the phenomena of adhesion sometimes undergo 
modifications which give rise to trouble in the experiments.. We 
shall meet with an instance of this in the subsequent parts of 
this memoir. Now the metals do not present this inconvenience ; 
moreover, the form which we have given to most of our solid 
systems would render their construction of any other substance 
besides a metal difficult. Now among metals we prefer iron, 
not copper, because oil remoyes nothing from iron, whilst by 
prolonged contact with copper it slightly attacks it, acquires a 
green colour, and increases in density, which is a great incon- 


venience *. 
* Ina letter which Dr. Faraday did me the honour of sending to me, re- 


garding the preceding memoir, he informed me, that when about to repeat my 
experiments before a numerous audience, wishing to produce a still greater 


fice: 
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When we wish to use one of these solid systems of iron, be- 
fore introducing it into the vessel, it must be completely moist- 
ened with oil; and for this purpose it is not sufficient simply to 
immerse it in this liquid, but it must be carefully rubbed with 
the finger. The presence of this coating facilitates the adherence 
of the liquid mass. 

We shall continue to make use of the vessel with plane walls, 
described in the preceding memoir, § 8*; a common-shaped 
bottle, and the flask previously mentioned (§ 5 and 8) in the 
same memoir, are not well adapted, because they do not exhibit 
the true figure of the mass. 

When the solid system is composed of a single piece, it is 
supported by a vertical iron wire, which is screwed to the lower 
end of the axis traversing the metallic stopper; but for certain 
experiments the solid system is formed of two isolated parts, 
and then only one of them is attached: to the axis, as 1 have 
stated; the other is supported by small feet which rest upon the 
bottom of the vessel. It need not be mentioned, that those 
liquids only which are prepared in such a manner as to be inca- 
pable of exerting any chemical action upon each other, can be 
employed (§ 6 and 24 of the preceding memoir). 

In addition to the little funnel for introducing the mass of oil 
into the vessel, the iron wire which serves for uniting the iso- 
lated spheres, &c., of which I have spoken in the preceding 
memoir, the experiments require some other accessory instru- 
ments, as, in the first place, a small glass syringe, the point of 
which is elongated and slightly bent. It is used as a sucking- 
difference in the aspect of the two liquids, he dissolved intentionally a little 
oxide of copper in the oil, so as to render the latter of a green colour. The 
compound haying thus been made beforehand, and rendered perfectly homo- 
geneous, and the alcoholic mixture having been regulated according to the 
density of the modified oil, the presence of the copper in solution could not 
produce any inconvenience; but in this case also the solid systems should un- 
questionably be made of iron. 

-* In making the experiments relating to the present memoir, I found that 
it was requisite slightly to modify the apparatus in question. ‘The second per- 
foration in the plate forming the lid of the vessel should be but little smaller 
tlian the central aperture ; its neck should be less elevated; and lastly, it should 
be placed near the other; if left as previously described and figured, the em- 
ployment of the accessory instruments which we shall. describe would be im- 
possible. Moreover, the neck of the central aperture should be furnished with 
a slight rim, so that it may be easily taken hold of when we wish to remove 
the lid, as e.g. when it is required to attach a solid system which is too large 
to pass through this same aperture to the axis which traverses the stopper. 


Lastly, the vessel should be furnished with a stop-cock at its lower part, so 
that it may be easily emptied. 


596 PLATEAU ON THE PH& NOMENA OF A FREE LIQUID MASS 


pump, to remove, for instance, a portion of the oil composing 
the liquid mass, when it is required to diminish the volume) of 
the latter, or to withdraw the entire mass of oil from the vessel, 
an operation which is sometimes required, &c. In the second 
place, two wooden spatulas, one being slightly bent, the other 
straight, covered with fine linen or cotton stuff... When these 
spatulas are introduced into the vessel, and the cloth with which 
they are furnished is thoroughly impregnated with the alcoholic 
liquid, the mass of oil does not adhere to them.) Hence, by 
means of one or the other of these spatulas, the mass can be 
moved in the surrounding liquid, and conducted to the place 
which it is required to occupy in the interior of the vessel with- 
out any of it remaining upon the spatula... This is the purpose 
for which these instruments are intended. After they have been 
used, care must always be taken to agitate them in) pure aleehol 
before allowing them to dry. If this precaution be omitted, the 
alcoholic, mixture with which they are impregnated, on evapo- 
rating, would leave the small quantity of oil which it: held in 
solution upon their surface; and when the same instruments 
are used again, the mass of oil would adhere to it... In the third 
place, an iron spatula, the uses of which we shall point: out: im 
the proper place... Lastly, as it is necessary, in all the experi- 
ments which we shall relate, that the alcoholic liquid should be 
homogeneous, the process indicated in ‘the preceding memoir 
($ 25) cannot be used to prevent the mass of oil from becoming 
occasionally adherent to the bottom of the vessel; but the same 
result is obtained by covering the bottom with a square piece of 
linen. ui 


New experiments in support of the theoretical principles brought 
JSorward in the preceding observations. Figures of equilibrium 
terminated by surfaces of spherical curvature. New principle 
relating to layers of liquids. 
10,.'The facts which we shall first describe may be considered 

as constituting the experimental demonstration of the principle 

of the superficial layer (§6 dis). Let us imagine any solid system 
to be immersed in the liquid mass, and Jet us give. to, this 
mass such a volume that it may constitute a sphere which com-, 
pletely. envelopes the solid system without the latter reaching 
the surface at any point. Then, if the above principle be true, 
the presence of the solid system will exert no influence upon the: 
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figure of equilibrium, because, under these circumstances, the 
superficial layer, from which the configuring actions emanate, 
remains perfectly free; whilst if these actions emanated from all 
points of the mass, any unsymmetrical modification occurring in 
the internal parts of the latter would necessarily produce one in 
the external form. ‘This is confirmed by experiment. The con- 
dition of a solid system completely enveloped by the mass of 
oil would be somewhat difficult to realize ; but it must be re- 
membered, that in the experiments relating to the preceding 
memoir, the system of the disc, by means of which the mass was 
made to revolve, was very nearly in this condition, because it 
did not reach the external surface of the mass excepting at the 
two very small spaces which gave passage to its axis. But we 
then saw (§$ 9 of the preceding memoir), that when the mass was 
at rest, its sphericity was only very slightly altered by the pre- 
sence of this system. The theoretical condition may be more 
nearly approached by taking a very fine metallic wire for the 
axis of this same system; in this case the alteration in form is 
quite imperceptible. The axis being supposed to be vertical, 
the disc may moreover be placed so that its centre coincides with 
that of the mass of oil; or is situated above or below the latter 
without producing any difference. I shall relate another fact of 
an analogous nature.~ In the course of the experiments, it some= 
times happens that portions of the alcoholic liquid become im- 
prisoned in the interior of the mass of oil, forming so many iso- 
lated spheres. Now, however these spheres may be situated in 
the interior of the mass, not the least alteration is produced in 
the figure of the latter. 
_ 11. Again, let us cause some kind of solid system to penetrate 
the liquid mass; but now let the mass be of too small a volume 
to be capable of completely enveloping this system. The latter 
will then necessarily reach the superficial layer; and, if the prin- 
ciple in question be true, the figure of the liquid mass will be 
modified, or; in other words, will cease to remain spherical. 
This does really occur, as we might have expected ; the liquid 
mass becomes extended at those portions of the solid system 
which project externally from its surface; it finally either occu- 
pies the whole of these portions, or only a part of their extent, 
aecording to the form and the dimensions of the solid system, 
and thus assumes a new figure of equilibrium. We shall meet 
| with examples of this hereafter'(§§ 14, 15, 17). 
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12. Instead of causing the solid system to penetrate the inte- 
rior of the liquid mass, let it simply be placed in contact with 
the external surface of the latter. An action being then esta- 
blished at a point of the superficial layer, equilibrium must be 
destroyed, and the figure of the liquid mass ought again to be 
modified. This really occurs; the mass becomes extended upon 
the surface presented to it, and consequently acquires a different 
shape. This result might also have been anticipated from what 
occurs under ordinary circumstances, when a drop of water is 
placed upon a previously moistened solid surface. One might 
be induced to believe, that, as regards the actual result, this case 
is referable to that of the preceding paragraph or that in para- 
graph 10; for it appears that the liquid mass becoming extended 
upon the solid sytem so as to obtain the new figure of equili- 
brium, should ultimately occupy or envelope this system in 
the same manner as if the latter had been made to penetrate 
its interior directly. Under certain circumstances this must 
occur; but the experiments which are about to be related 
will show that under other circumstances the result is totally 
different. 

13. Let us take for the solid system a thin circular plate*, 
attached by its centre to the iron wire which supports it (Pl. V. 
fig. 1), and let us produce the adhesion of its lower surface to'the 
upper part of the mass of oilt. Directly contact is completely 
established, the oil extends rapidly over the surface presented to 
it; but, what is remarkable, although the precaution has been 
taken of rubbing the whoie of the system (§ 9), that is the two 
faces of the plate as well as its rim, with oil, the oil terminates 


* The diameter of that which I have used is 4 centimetres. T mention this 
diameter for the sake of being definite. It is evident that in our experiments 
the dimensions of the apparatus are completely arbitrary ; except that if these 
dimensions exceed certain limits, the operations will become embarrassing in 
consequence of the large quantities of liquid which would be required, 

+ In order that this operation may be effected with facility, the sphere of 
oil must first remain in the surrounding liquid beneath the central aperture in 
the lid; the plate being then introduced into the vessel, we have merely to 
lower it by means of the axis traversing the stopper, to bring it towards the 
liquid mass. If the latter does not occupy the position in question, it must be 
previously placed there by means of a spatula covered with linen (§ 9). It 
must be remarked here, that true contact between the plate and the sphere of 
oil does not usually ensue immediately ; a certain resistance has to be overcome, 
analogous to that treated of in the note to paragraph 4 of the preceding memoir; 
but to overcome this, the liquid sphere need only be gently moved by means 
of the plate. The slight resulting pressure soon causes the rupture of the 
obstacle and the production of adhesion. ? 
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abruptly at. this rim without passing to the other side of the 
plate, and thus presents a sudden interruption in the curvature 
of its surface. In the case in question, the new figure acquired 
by the mass is a portion of a sphere. This portion will be 
as much larger in proportion to the complete sphere as the 
volume of oil is greater; but the curvature will always terminate 
abruptly at the margin of the plate (see fig. 2, which represents 
a section of the solid system. and the adherent mass in the case 
of three different volumes of the latter). 

The cause of this singular interruption of continuity is readily 
understood. The rim of the plate reaching to the superficial 
layer, it is natural that something peculiar should occur along 
this margin, and that the continuity of form should cease at that 
point where a foreign attractive action is exerted without trans- 
ition on. the superficial layer. 

14. Let us again make use of the above plate; but instead of 
presenting one of its faces to the exterior of the sphere of oil, 
let us insert the plate edgewise into the interior of this sphere*. 
The liquid will necessarily extend over both faces of the solid; 
and if the diameter of the primitive sphere were less than that 
of the plate, the oil will be seen to form two spherical segments 
upon the two faces in question, the curvatures of which will still 
terminate abruptly at the margin of the plate. These two seg- 
ments may be either equal or unequal, according as the edge 
of the plate has been introduced into the liquid sphere in such 
a manner that the plane of the plate passes through the centre 
of the sphere or not. The upper segment will be slightly de- 
formed by. the action of the suspending wire ; but this effect will 


_ * This. operation, is performed. as follows. The stopper to which the 
system of the plate is attached is kept at some distance above the neck of the 
central aperture, in such a manner however that the latter is immersed to a 
sufficient depth in the alcoholic mixture. The plate can then be moved with 
tolerable freedom, and it is conducted towards the liquid mass. For this pur- 
Bore, the latter ought previously to occupy a suitable position, Immediately 
the liquid mass is cut, the plate is kept still until the action is terminated, after 
which the stopper, is carefully placed in the neck. A process the reverse 
to the preceding may also be made use of. The liquid mass is first made 
to occupy a position near the second aperture, and a sufficient distance from 
the axis which passes through the centre of the central aperture ; then, having 
fixed the solid system firmly in the position which it is to occupy, move the 
liquid mass towards it, and when this has been cut, allow the action to continue 
uninterruptedly, .These processes are also employed in other experiments, 
and it is enough to have pointed them out once, In some cases the second is 
the only practicable one. This may be easily decided upon in making the 
experiments, 
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be less sensible in proportion to the thinness of the wire in 
question. Fig. 3 represents the result of the experiment with 
two unequal segments. The discontinuity of the curvatures is 
a very general fact, which we shall frequently find to reeur in 
the course of our experiments; it will hereafter lead us to very 
important consequences. 

15. I have repeated the same experiment, substituting a plate 
of an elliptic form for the circular plate. In this, as in the 
preceding case, the oil extends over both faces of the solid, so.as 
entirely to cover them; and, if the volume of ‘the liquidmass is 
not too great, the curvatures again terminate abruptly along 
the rim of the plate. By gradually augmenting the volume of 
the primitive sphere of oil, without however rendering it suffi- 
ciently large to allow of the mass completely enveloping the 
plate so as to retain the spherical form, a limit is attained at 
which the edge of the plate ceases to reach the superficial layer 
of the new figure of equilibrium except at the two summits of 
the ellipse. The discontinuity in the curvatures then only occurs 
at these two places. Figs. 4 and 5 exhibit the result of the ex- 
periment in this case. In fig. 4 the long axis of the ellipse is 
presented to view, in fig. 5 its short axis. 

16. All the facts which we have hitherto detailed: show, 
that so long as the interior of the mass is modified, its ex- 
ternal shape undergoes no alteration ; but that directly the super- 
ficial layer is acted upon, the mass acquires a different form. To 
complete the proof, by experiment alone, that the configuring 
actions exerted by the liquid upon itself emanate solely from the 
superficial layer, the only point would then be the possibility of 
reducing a liquid mass to its superficial layer, or at least to a 
thin pellicle, and to see if in this state it would assume the same 
figure of equilibrium as a complete mass. Now this is completely 
realized in soap-bubbles ; for these bubbles, when detached from 
the tube in which they have been made, assume, as is well 
known, a spherical form, 7. e. the same figure as that which we 
find a complete mass acquires in our apparatus, when with- 
drawn from the action of gravity and perfectly free. When 
the mass adheres to a solid system, which modifies its figure, 
it is clear that the entire configurative action is composed of 
two parts, one of which belongs to the solid system; and we 
find that this system only exerts it when acting upon the su- 
perficial layer; the other belongs to the liquid, and emanates 
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directly from the free portion of this same superficial layer. The 
facts which we have related show clearly what is the seat of this 
“second part of the whole configurative action; but they do not 
make us acquainted with the nature of the forces of which it 
veonsists. On referring to theory, we find that these forces 
consist in pressures exerted upon the mass by all the elements 
-of the superficial layer, pressures the intensity of which depend 
“upon the curvatures of the surface at the points to which they 
-correspond. Hence it follows that the mass is pressed upon by 
-every part of its superficial layer, with an intensity depending in 
»the same manner upon the curvatures of the surface. For instance, 
“amass the free surface of which presents a convex spherical curva- 
ture, will be pressed upon by the whole of the superficial layer be- 
‘longing to this free surface, with a greater intensity than if this 
surface had been plane; and this intensity will be more con- 
siderable in proportion as the curvature is greater, or as the radius 
of the sphere to which the surface: belongs is less. Let us see 
whether experiment will lead us to the same conclusions. 

‘17. The solid system which we shall employ is a circular per- 
forated plate (fig. 6). It is placed vertically, and attached by a 
point of its circumference to the iron wire which supports it. 
Let the diameter of the sphere of oil be less than that of the plate, 
and let the latter be made to penetrate the mass by its edge in 
a direction which does not pass through the centre of the sphere. 
At first, as in the experiment at paragraph 14, the oil will form 
two unequal spherical segments; but matters do not remain in 
this state. The most convex segment is seen to diminish gra- 
‘dually in volume, consequently in curvature, whilst the other 
increases, until they have both become exactly equal. One part 
of the oil then passes through the aperture in the plate, so as to 
be transferred from one of the segments towards the other, until 
the above equality is attained. 

Let us now examine into the consequences Aéducible from this 

_ experiment, judging from the preceding ones, and independently 
ofall theoretical considerations. When the oil has once become ex- 
tended over both surfaces of the plate, in such a manner that the 
superficial layer is applied to every part of the margin of the latter, 

_ the action of the solid system is completed; and the movements 
which subsequently ensue in the liquid mass, to attain the figure 
of equilibrium, can only then be due to an action emanating from 
the free part of the superficial layer, It is therefore the latter which 
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compels the liquid to pass through the aperture in’ the plate; 
and the phznomenon must necessarily result, either from a 
pressure exerted by that portion of the superficial layer which 
belongs to the most convex segment, or by a traction produced 
by the portion of this same layer belonging to the other segment. 
Our experiment not being alone capable of determining our 
choice between these two methods of explaining the effect in 
question, let us provisionally adopt the first, 7. e. that which 
attributes it to pressure. In our experiment, this pressure ema- 
nates from the superficial layer of the most curved segment; but 
it is easy to see that the superficial layer of the other segment 
also exerts a pressure which, alone, is less than the preceding. 
In fact, if for the most curved segment a segment less curved 
than the other were substituted, the oil would then be driven 
in the opposite direction. Hence it follows that the en- 
tire superficial layer of the mass exerts a pressure upon the 
liquid which it encloses, and that the intensity of this pressure 
depends upon the curvatures of the free surface. Moreover, as 
the liquid proceeds from the most curved segment to that 
which is least so; it is evident that in the case of a convex sur- 
face, the curvature of which is spherical, the pressure is greater 
in proportion as the curvature is more marked, or as the radius 
of the sphere to which the surface belongs is smaller. Lastly, 
since a plane surface may be considered as belonging to a sphere, 
the radius of which is infinitely great, it is evident that the 
pressure corresponding to a convex surface, the curvature of 
which is spherical, is superior to that which would correspond 
to a plane surface. All these results were announced by theory. 
They perfectly verify then that part of the latter to which they 
refer, and this concordance ought now to decide in favour of the 
hypothesis of pressure. This same part of the theory was already 
verified, m its application to liquids submitted to the action of 
gravity, by the phenomenon of the depression presented by 
liquids in capillary tubes, the walls of which they do not moisten ; 
but the series of our experiments, setting out with the elements 
of the theory, and following it step by step, yields far more direct 
and complete verification. Our last experiment leads us to still 
further consequences. The liquid passing from one of its segments 
to the other, so long as their curvatures have not become iden- 
tical, and the pressures corresponding to the two portions of the 
superficial layer becoming equal to each other simultaneously 
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with the two curvatures, it follows that the mass only attains its 
figure of equilibrium when this equality of pressure is established. 
We thus have a primary verification of the general theory of 
equilibrium which governs our liquid figures, a condition in 
virtue of which the pressures exerted by the superficial layer 
ought to be everywhere the same. Moreover, it is evident 
that if a superficial layer, having a spherical curvature, exerts 
by itself a pressure, this principle must be true however 
small the extent of this layer may be supposed to be. It fol- 
lows, therefore, that an extremely minute portion of the super- 
ficial layer of our mass, taken from any part of either of the two 
segments, ought itself to be the seat of a slight pressure; con- 
sequently, that the total pressure exerted by the superficial layer 
is the result of individual pressures emanating from all the ele- 
ments of this layer. This was also shown by theory. Further, 
following the same train of reasoning, we see that the intensity 
of each of the minute individual pressures ought to depend upon 
the curvature of the corresponding element of the layer, which 
is also.in conformity with theory. Lastly, as in a state of equili- 
brium the twosegments belong to spheres of equal radii, the curva- 
ture is the same in all points of the surface of the mass; whence 
it follows, that all the minute elementary pressures are equal to 
each other. The general condition of equilibrium (§ 5) is there- 
fore perfectly verified in the instance of our experiment. 

18. The principle of the superficial layer, applied to the pre- 
ceding experiment, allows of the latter being modified in such a 
manner as to obtain a very remarkable result. When the 
figure, of equilibrium is once attained, the perforated plate acts 
upon the superficial layer by its external border only. The 
whole of the remainder of this plate then exerts no influence 
upon the figure in question. Hence it follows that this figure 
would still be the same if the aperture were enlarged, only the 
greater the diameter of the latter the less time is required 
for the establishment of the equality between the two curva- 
tures. Lastly, we ought to be able to enlarge the aperture 
nearly to the margin of the plate without changing the figure of 
‘equilibrium ; or, in other words, to reduce the solid system to a 
simple ring of thin iron wire. Now this is confirmed by experi- 
ment; but, to put it in execution, we cannot confine ourselves, 
as before, to making the solid system penetrate a sphere of oil 


of less diameter than that of this same system, and subsequently 
28 2 
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to allow‘the molecular forces to act; because the metallic wire, 
on account of its small extent of surface, would not exert a-suf- 
ficient action upon the superficial layer to cause the liquid to 
extend so as to adhere to the entire surface of the ring. The 
mass would then remain traversed by part of the latter, and its 
spherical form would not be sensibly altered if the metallic wire 
were small; the liquid surface would merely be slightly raised 
upon the wire in the two small spaces at which it issued from 
the mass. To speak more exactly, under the circumstances in 
question two figures of equilibrium are possible.» One of these 
differs but very slightly from the sphere; it is not. symmetrical 
with regard to the ring, one part of which traverses it whilst the 
other part remains free. The second figure is perfectly symme- 
trical as regards the ring, and completely embraces its margin ; 
its surface is composed of two equal spherical curves, the mar-' 
gins of which rest upon the ring; in other words, it constitutes 
a true doubly convex lens of equal curvatures.) This) is the 
figure which it is our object to obtain. For this purpose, we 
first) give the sphere of oil a diameter slightly greater. than 
that of the metallic ring; we then introduce the latter into the 
mass so that it is completely enveloped; lastly, by means of the 
small glass syringe (§ 9), some of the liquid is gradually removed 
from the mass*. As this diminishes in volume, its surface is 
soon applied to every part of the margin of the ring, and the 
volume continuing to diminish, the lenticular form becomes 
manifest. Afterwards, by withdrawing more of the liquid, the 
curvatures of the two surfaces may be reduced to that degree 
which is considered suitable. In this way a beautiful double 
convex lens is obtained, which is entirely liquid except at: its 
circumference. Moreover, in consequence of the index of refrac- 
tion of the olive oil beg much greater than that of the alecholic 
mixture, the lens in question possesses all the properties of con- 
verging lenses; thus, it magnifies objects seen through it, and 
this magnifying power may~be varied at pleasure by removing 
some of the liquid from, or adding more to, the mass. Our figure 
therefore realizes that which could not be obtained with glass 
lenses, 7. e. it forms a lens the curvature and magnifying power 
of which are variable. The diameter of that which I formed 
was 7 centimetres, and the thickness of the metallic wire was 


* The point of the instrument is introduced into the vessel through the 
second aperture in the lid. 
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about 4 a millimetre. A much finer wire might have been used 
with the same success; but the apparatus would then become 
inconvenient, on account of the facility with which it would be 
put out of shape. By operating with care, the curvatures of the 
lens may be diminished so as almost to make them vanish; thus 
I have been enabled to reduce the lens which [ formed, and the 
diameter of which, as I have stated, was 7 centimetres, to such an 
extent that it was only 2 or 3 millimetres in thickness.. Hence 
we might presume that it would be possible to obtain, by.a proper 
mode of proceeding, a layer of oil with plane faces. ‘This is, in 
fact, confirmed by experience, as we shall see further on. 

19. To render the curvatures of the liquid lens very slight, 
the point of the syringe must naturally be applied to the middle 
of the lens, because the maximum of thickness exists there. 
Now when a certain limit has been attained, the mass suddenly 
becomes divided at that point, and a curious phznomenon is 
produced. The liquid rapidly retires in every direction towards 
the metallic circumference, and forms a beautiful liquid ring 
along the latter; but this ring does not last for more than one or 

two seconds, after which it spontaneously resolves itself into 
several small, almost spherical masses, adhering to various parts 
of the ring of iron wire, which passes through them like the 
beads of a necklace. 

20. The reasoning which led us, at the commencement of 
paragraph 18, to reduce the primitive solid system to a simple 
metallic wire representing the line in the direction of which this 

‘system is met by the superficial layer belonging to the new 
‘figure of equilibrium, may be generalized... We may conclude, 
“that whenever a solid system introduced into the mass is not 
‘met by the superficial layer’ of the ‘figure produced, except- 
‘ing in the direction of small lines only, simple iron wires, repre- 
senting the lines in question, may be substituted for the solid 
“system employed. But if the volume of the primitive solid sy- 
‘stem were considerable, it would evidently be requisite to add to 
the mass of oil an equivalent volume of this liquid, to occupy the 
“place of the solid parts suppressed. 
' There is however an exception to this principle; it occurs 
when the solid system separates the entire mass into isolated 
“portions, as in the experiment of paragraph 14; for then these 
portions assume figures. independent of each other, and which 
may correspond to different pressures. In this case the sup- 
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pression of one portion of the solid system would place the 
figures primitively isolated in communication, and the inequality 
of the pressures would necessarily induce a change in the whole 
figure. Excluding this exception, the principle is general, and the 
result of it is that well-developed effects of configuration may be 
obtained on employing simple iron wires instead of solid systems. 
The experiment of the biconvex lens furnishes one instance of 
this, and we shall meet with a great many others hereafter. 
Nevertheless, to be enabled to comprehend the influence of a 
simple metallic wire upon the configuration of the liquid mass, it 
is not requisite to consider this wire as substituted for a complete 
solid system; it may also be considered by itself. It is, in fact, 
clear that the solid wire acting by attraction upon the super- 
ficial layer of the mass, the curvatures of the two portions of the 
surface resting upon it ought not to have any further relation of 
continuity with each other. The metallic wire may therefore 
determine a sudden transition between these two portions of the 
surface, the curvatures of which will terminate abruptly at the 
limit which it places to them. The principles which we have 
established ought undoubtedly to be considered as among the 
most remarkable and curious consequences of the principle of 
the superficial layer, and one cannot avoid being astonished” 
when we see the liquid maintained in such different forms by an 
action exerted upon the extremely minute parts of the superficial 
layer of the mass. 

21. We have experimentally studied the influence of convex 
surfaces of spherical curvature; let us now ascertain what expe- 
riment is able to teach us in regard to plane surfaces and concave 
surfaces of spherical curvature. Let us take for the solid system 
a large strip of iron, curved circularly so as to form a hollow 
cylinder, and attached to the suspending iron wire by some point 
on its outer surface (fig. 7). To prevent the production of 
accessory phenomena in the experiment, we shall suppose that 
the breadth of the metallic band is less than the diameter of the 
cylinder formed by the same band, or that it is at least equal to 
it. Make the mass of oil adhere to the internal surface of this 
system, and let us suppose that the liquid is in sufficient quan- 
tity then to project outside the cylinder. In this case the mass 
will present on each side a convex surface of spherical curvature, 
and the curvatures of these two surfaces will be equal. This 
fizure is a consequence of what we have previously seen, and we 
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must not stop here, for it will serve us as a starting-point in 
obtaining other figures which we require. Apply the point of 
the syringe to one of the above convex surfaces, and gradually 
withdraw some of the liquid. The curvatures of the two surfaces 
will then gradually diminish, and with care they may be ren- 
dered perfectly plane. It follows from this first result, that a 
plane surface is also a surface of equilibrium, which is evidently 
in conformity with theory. Let us now apply the end of the 
syringe to one of these plane surfaces, and again remove a small 
quantity of liquid. The two surfaces will then become simulta- 
neously hollow, and will form two concave surfaces of spherical 
curyature, the margins of which rest upon the metallic band, and 
the curvatures of which are the same. Finally, by the further 
removal of the liquid, the curvatures of the two surfaces become 
greater and greater, always remaining equal to each other. 

Hence it results, first, that concave surfaces of spherical curva- 
ture are still surfaces of equilibrium, which is also in accordance 
with theory. Moreover, as the plane surface left free sinks 
spontaneously as soon as that to which the instrument is applied 
becomes concave, it must be concluded that the superficial layer 
belonging to the former exerts a pressure which is counter- 
balanced by an equal force emanating from the opposite super- 
ficial plane layer, but which ceases to be so, and which drives 
away the liquid as soon as this opposite layer commences to 
become concave. Again, as further abstraction of the liquid de- 
termines a new rupture of equilibrium, so that the concave sur- 
face opposite to that upon which we directly act exhibits a new 
spontaneous depression when the curvature of the other surface 
increases, it follows that the concave superficial layer belonging 
to the former still exerted a pressure, which at first was neu- 
tralized by an equal pressure arising from the other concave 
layer, but which becomes preponderant, and again drives away 
the liquid when the curvature of this other layer is increased. 

Hence it follows,—1st, that a plane surface produces a pressure 
upon the liquid; 2nd, that a concave surface of spherical curva- 
ture also produces a pressure; 3rd, that the latter is inferior to 
that corresponding to a plane surface ; 4th, that it is less in pro- 


' portion as the concavity is greater, or that the radius of the 


sphere to which the surface belongs is smaller. These results 
were also pointed out by theory, and had already been verified 
in the application of the latter to liquids submitted to the action 
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of gravity, by the phenomenon of ‘the elevation. of a liquid 
column in a capillary tube, the walls of which are moistened . 
by it. 

Reasoning upon these facts, as we have done at the end 
of paragraph 17 in regard to convex: surfaces, of sphericak 
curvature, we shall arrive at; the conclusion: that the. entire 
pressure'sexerted bya concave superficial, layer, of. spherical 
curvature is: the resultvof) minute individual! pressures. arising 
from:all the elements of this layer, and that:the intensity of each 
of these minute pressures: depends upon the curvature of that 
- element of the layer from which it emanates. Our last experi- 
ment therefore perfectly verifies that parf of the theory which 
relates. to plane and convex surfaces of spherical curvature. 
Lastly, in the state of equilibrium of our liquid figure, the curva- 
ture’ being the same at all pomts of each of the two concave sur- 
faces, it is again evident that all the minute elementary pressures 
are equal to each other, which gives a new complete. verification 
of the general condition of equilibrium. 

22. The figure we have just obtained constitutes a biconcaye 
lens of equal: curvatures, and: possesses all the properties of 
diverging lenses, 7. e. it diminishes objects seen through it, &c. 
Moreover, as the curvature of the two surfaces may be increased 
or diminished by as small degrees \as is wished, it follows that 
we thus obtain a diverging lens, the curvature and action of which 
are variable. 

23. Now let: us suppose that we have increased the curya- 
tures of the lens until the two surfaces nearly touch each other 
by their summits*. We: might presume, that, if the removal 
of the liquid were continued, the mass would become. dis- 
united at that point at which this contact took place, and that 
the oil would recede in every direction towards the metallic 
band. ‘This is however not the case; we then observe in the 
centre of the figure the formation of a small sharply-defined 
circular space, through which objects no longer appear dimi- 
nished, and we easily recognize that this minute space is occu- 
pied by a layer of oil with plane faces. If the removal of the 
liquid be gradually continued, this layer increases, more. and 


* To effect this operation, the point of the syringe must not be placed in the 
middle of the figure, as in the case of the doubly-convex lens; but, on the con- 
trary, near the metallic band, as this is now the point where the greatest thick- 
ness of the liquid exists. 


_ 
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more in diameter, and may thus be extended to within a tolerably 
short distance of the solid surface. In my experiment, the dia- 
meter of the metallic cylinder was 7 centimetres, and I have 
been enabled to increase thesize of the layer until its cireum- 
ference was not more than about 5 millimetres from the solid 
surface; but at this instant it broke, and the liquid of which 
it consisted rapidly receded towards that’ which still ad- 
hered to the metallic band. The fact which we have just de- 

_ scribed is very remarkable, both in itself and in the singular 

- theoretical consequences to which it leads. In fact, that part of 
the mass towhich the layer adheres by its margin presents concave 
surfaces, whilst those of the layer are plane; now the existence 
of such a system of surfaces in a continuous liquid mass seems in 
opposition to theory, since it appears evident that the pressures 
cannot be equal in this case. But let us investigate the question 
more minutely. 

24, According to theory, the pressure corresponding to any 
point of the surface of a liquid mass, as we have seen (§ 3), is the 
integral of the pressures exerted by each of the molecules com- 
posing a rectilinear line perpendicular to the surface at that point, 
and equal in length to the radius of the sphere of activity of the 
molecular attraction. The analytical expression of this integral 
contains no other variables than the radii of the greatest and of 
the least curvature at the point under consideration (§ 4), con- 
sequently the pressure in question varies only with the curva- 
tures of the surface at the same point. This is rigorously true 
when the liquid is of any notable thickness ; but we shall show, 
that in the case of an extremely thin layer of liquid, there is. 
another element which exerts an influence upon the pressure. 
Let us conceive a liquid layer, the thickness of which is less than 
twice the radius of the sphere of sensible activity of the mole- 
cular attraction. Let each molecule be conceived to be the 
centre of a small sphere with this same radius (§ 3), and let us 
first consider a molecule situated in the middle of the thickness 
of the layer. The little sphere, the centre of which is occupied 
by this molecule, will be intersected by the two surfaces of the 
layer, consequently it will not be entirely full of liquid; but the 
segments suppressed on the outside of the two surfaces being 
equal, the molecule will not be more attracted perpendicularly 
in one direction than in the other. Now let a small right line, 
normal to and terminating at the two surfaces, pass through 
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this same molecule, and let us considera second molecule 
situated at some other point of this right line. The little sphere 
which belongs to the second molecule in question may again 
be intersected, by the two surfaces of the layer; but then the 
two. suppressed, segments will be unequal; the molecule, will 
consequently be subjected to a preponderating attraction, eyi- 
dently directed, towards the thickness of the layer..The mole- 
cule will then. exert a pressure in this direction, and it must. be 
remarked that this pressure will be less than if the liquid had 
any notable thickness, the molecule being situated at the same 
distance from the surface; for in the latter case the little sphere 
would only be cut.on one side, and its opposite part would be 
perfectly full of liquid. It might also happen that the little 
sphere belonging to the molecule in question in the thin layer is 
only cut. on one side; the molecule will then still exert a pressure 
in the same direction, but its intensity will then be as great as 
in the case of a thick mass. It is easy to see that if the thick- 
ness of the layer is less than the simple length of the radius of 
the molecular attraction, the little spheres will all be cut on both 
sides; whilst. if the thickness in question is comprised between 
the length of the above radius and twice this same length, a por- 
tion of the minute spheres will be cut on one side only. In both 
cases, the pressure exerted by any molecule being always. di- 
rected towards the middle of the thickness of the layer, it is 
evident, that the integral pressure corresponding to any point of 
either of the two surfaces will be the result. of the pressures in- 
dividually exerted by each of those molecules, which, com- 
mencing at the point in question, are arranged upon half the 
length of the small perpendicular. Now each of the two halves 
of the small perpendicular being less than the radius of the sphere 
of activity of the molecular attraction, it follows that the num- 
ber of molecules composing the line which exerts the integral 
pressure is less than in the case of a thick mass,__Thus, on the 
one hand, the intensities of part or the whole of the elementary 
pressures composing the integral pressure will be less than in 
the case of a thick mass, and, on the other hand, the number, of 
these elementary pressures will be less; from this it evidently 
follows that the integral pressure will be inferior to.that which 
would occur in the case of a thick mass.. P always denoting the 
pressure corresponding to any point of a plane surface belonging 
to a thick mass (§ 4), the pressure corresponding to any point, of 
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either of the surfaces of an extremely thin plane layer will 
therefore be less than P. Moreover, this pressure will be less 
in proportion as the layer is thinner, and it may thus diminish 
indefinitely ; for it is clear that it would be reduced to zero if we 
supposed that the thickness of the layer was equal to no more 
than that of a simple molecule. 

‘We can obtain liquid layers with curved surfaces’ 3 soap-bub- 
bles furnish an example of these, and we shall meet with others 
in the progress of this investigation. Now by supposing the 
thickness of such a layer to be less than twice the radius of the mo- 
lecular attraction, we should thus evidently arrive at the conclu- 
sion, that the corresponding pressures at either of its two surfaces 
would be inferior in intensity to those given by paragraph 4, 
and that moreover these intensities are less in proportion as the 
layer is smaller. We thus arrive at the following new prin- 
ciple :— 

In the case of every liquid layer, the thickness of which is less 
than twice the radius of the sphere of activity of the molecular 
attraction, the pressure will not depend solely upon the curvatures 
of the surfaces, but will vary with the thickness of the layer. 

25. We thus see that an extremely thin plane liquid layer, 
adhering by its edge to a thick mass the surfaces of which are 
concave, may form with this mass a system in a state of equili- 
brium ; for we may always suppose the thickness of the layer to 
be of such value, that the pressure corresponding to the plane 
surfaces of this layer is equal to that corresponding to the con- 
cave surfaces of the thick mass. Such a system is also very re- 
markable in respect to its form, inasmuch as surfaces of different 
nature, as concave and plane surfaces, succeed each other. This 
heterogeneity of form is moreover a natural consequence of the 
change which the law of pressures undergoes in passing from 
the. thick to the thin part. 

26. As we have already seen, theory demonstrates the possi- 
bility of the existence of such a system in a state of equilibrium. 
As regards the experiment which has led us to these considera- 
tions, although the result presented by it tends to realize in an ~ 
absolute manner the theoretical result, there is one circumstance 
which is unfavourable to the completion of this realization. We 
can understand that the relative mobility of the molecules of 
oil is not sufficiently great to occasion the immediate forma- 
tion of the liquid layer with that excessive tenuity which is 
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requisite for equilibrium ; the thickness of this layer, although 
very minute absolutely speaking, is undoubtedly, during the first 
moments, a considerable multiple ofthe theoretical thickness. If 
then we produce the layer without extending it to that limit to 
which it is capable of increasing during the operation, and after- 
wards leave it to itself, the pressure corresponding to its plane 
surfaces will still exceed that corresponding to the concave sur- 
faces of the remainder of the liquid system. » Hence it follows 
that the oil within the layer will be driven towards this other 
part of the system, and that the thickness of the layer will pro- 
gressively diminish. The equilibrium of the figure will then be 
apparent only, and the layer will in reality be the seat of con- 
tinual movements. The diminution in thickness, however, will 
be effected slowly, because in so confined a space the movements 
of the liquid are necessarily restrained; this is why, as in the 
experiment in paragraph 17, the mass only acquires its figure 
of equilibrium slowly, because there is a cause which impedes 
the movements of the liquid. The thickness of the layer gra- 
dually approximates to the theoretical value, from which the 
equilibrium of the system would result; but unfortunately it 
always happens that before attaining this point, the layer breaks 
spontaneously. ‘This effect depends, without doubt, upon the 
internal movements of which I have spoken above; we can 
imagine, in fact, that when the layer has become of extreme 
thinness, the slightest cause is sufficient to determine its rupture. 
The exact figure which corresponds to the equilibrium is therefore 
a limit towards which the figure produced tends ; this limit the 
latter approaches very nearly, and would attain if it were not 
itself previously destroyed by an extraneous cause. 

Our experiment has led us to modify the results of theory in 
one particular instance ; but we now see; that, far from weakening 
the principles of this theory, it furnishes, on the contrary, in- 
complete as it is, a new and striking verification of it. The con- 
version of the doubly concave lens imto-a system comprising’ a 
thin layer, is connected with an order of general facts ; we shall 
see that a large number of our liquid figures become transformed 
by the gradually produced diminution of the mass of which they 
are composed into systems consisting of layers, or into ies eom- 
position of which layers enter. 

2p. if by some modification of our last experiment, we cial 
succeed’ in obtaining the equilibrium of the liquid system, we 
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might be able to deduce from it a result of great interest—an in- 
dication of the value of the radius of the sphere of activity of the 
molecular attraction... In fact, we might perhaps find out some 
method of determining the thickness of the layer; these might, 
for instance; then exhibit colours, the tint of which would lead 
us to this determination.» Now we have seen that in the state 
of equilibrium: of the figures, half the thickness of the layer 
would be less than the radius in question; hence we should then 
have a limit above which the value of this same radius would 
exist. In other words, we should know that) the molecular 
attraction produces sensible effects, even at a distance from. its 
centre of action beyond this limit. Our experiment, although 
insufficient, may thus be considered as the first step towards the 
determination of the distance of sensible activity of the molecular 
attraction, of which distance at present we know nothing, except 
that it is of extreme minuteness. 
28. Let us now return to the consideration of thick masses. 
It follows from the experiments related in) paragraphs 13, 14, 
17, 18 and 21, that when a continuous portion of the surface 
of such a mass rests upon a circular periphery, this surface is 
always either of spherical curvature or plane. - But. to admit 
this principle in all its generality, we must be able to de- 
duce it from theory... We shall do this in the following: series, 
at least on the supposition that the portion of the surface in 
question is a surface of revolution. We shall then see that this 
same principle is of great importance. We may remark here, 
that in the experiment in paragraph 23, the layer commences 
ito appear as soon as the surfaces can no longer constitute 
spherical segments... Now we shall again find, that in the other 
_ cases, when a full figure is converted, by the gradual withdrawal 
of the liquid, into a system composed of layers, or into the com- 
position of which layers enter, the latter begin to be formed when 
the figure of equilibrium, which the, ordinary law of pressures 
would determine, ceases to be possible. The mass then assumes, 
‘or tends to assume, another figure, compatible with a modifica- 
‘tion of this law.. Such is the general principle of the formation 
of layers under the circumstances in question. 
_. 29. After having formed a converging and a diverging liquid 
lens, it appeared to me curious to combine these two kinds of 
lens so as to form a liquid telescope. For this purpose, I first 
‘Substituted for, the ring of iron wire in paragraph 18 a circular 
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plate of the same diameter perforated by a large aperture (fig. 8). 
This plate having been turned in a lathe, I was certain of its being 
perfectly circular, which would be a very difficult condition to 
fulfill in the case of a simple curved iron wire. In the second 
place, I took for the solid part of the doubly concave lens, a band 
of about 2 centimetres in breadth, and curved into a cylinder 
31 centimetres in diameter. These two systems were arranged 
as in fig. 9, in such a manner that the entire apparatus being 
suspended vertically in the alcoholic mixture by the iron-wire a, 
and the two liquid lenses being formed, their two centres were at 
the same height, and 10 centimetres distant from each other. In 
this arrangement the telescope cannot be adjusted by altering 
the distance between the objective and the eye-piece ; but this 
end is attained by varying the curvatures of these two lenses. 
With the aid of a few preliminary experiments, I easily managed 
to obtain an excellent Galilean telescope, magnifying distant ob- 
jects about twice, like a common opera-glass, and giving per- 
fectly distinct images with very little irisation. Fig. 10, which 
represents a section of the system, shows the two lenses com- 
bined. 


Figures of equilibrium terminated by plane surfaces. Liquid 
polyhedra. Laminar figures of equilibrium. 


30. In the experiment detailed at paragraph 21, we obtained 
a figure presenting plane surfaces. These were two in number, 
parallel,.and bounded by circular peripheries ; but it is evident 
that these conditions are not necessary in order to allow plane sur- 
faces to belong to a liquid mass in equilibrium. We can under- 
stand that the forms of the solid contours might be indifferent pro- 
vided they constitute plane figures...We can moreover under- 
stand, that the number and the relative directions of the plane 
surfaces may be a matter of indifference, because these circum- — 
stances exert no influence upon the pressures which correspond 
to these surfaces, pressures which will always remain equal to — 
each other. Lastly, it follows from the principle at which we 
arrived at the end of paragraph 20, relative to the influence of solid 
wires, that for the establishment of the transition between a plane 
and any other surface, a metallic thread-representing the edge of 
the angle of intersection of these two surfaces will be sufficient. 
Weare thus led to the curious result, that we ought to be able to 
form polyhedra which are entirely liquid excepting at their edges. 
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Now this is completely verified by experiment. If for the solid 
system we take a frame-work of iron wire representing all the 
edges of any polyhedron, and we cause a mass of oil of the proper 
volume to adhere to this frame-work, we obtain, in fact, in a per- 
fect mamner, the polyhedron in question; and the curious spec- 
tacle is thus obtained of parallelopipedons, prisms, &c., com- 
posed of oil, and the only solid part of which is their edges. 

To produce the adhesion of the liquid mass to the entire 
frame-work, a volume is first given to the mass slightly larger 
than that of the polyhedron which it is to form ; it is then placed 
in the frame-work; and lastly, by means of the iron spatula 
($9), which must be introduced by the second aperture of the 
lid of the vessel, and which is made to penetrate the mass, the 
latter is readily made to attach itself successively to the entire 
length of each of the solid edges. The excess of oil is then gra- 
dually removed with the syringe, and all the surfaces thus be- 
come simultaneously exactly plane. But that this end may be 
attained in a complete manner, it is clearly requisite that the 
equilibriam of density between the oil and the alcoholic mixture 
should be perfectly established; and the slightest difference in 
this respect is sufficient to alter the surfaces sensibly. It should 
also be borne in mind, that the manipulation with the spatula 
sometimes occasions the introduction of alcoholic bubbles into 
the interior of the mass of oil; these are, however, easily re- 
moved by means of the syringe. 

- 31. Now, having formed a polyhedron, let us see what will 
happen if we gradually remove some of the liquid. Let us take, 
for instance, the cube, the solid frame-work of which, with its 
suspending wire, is represented at fig. 11*. Let the point of 
the syringe be applied near the middle of one of the faces, and 
let a small quantity of the oil be drawn up. All the faces will 
immediately become depressed simultaneously and to the same 
extent, so that the superficial square contours will form the bases 
of six similar hollow figures. We should have imagined this to 
have been the case for the maintenance of equality between the 
pressures, 

If fresh portions of the liquid are removed, the faces will 
become more and more hollowed; but to understand what 
happens ‘when ‘this manipulation is continued, we must here 
‘enunciate a preliminary proposition, Suppose that a square 


- * The edges of all the frames which I used were 7 centims, in length. 
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plate of iron, the sides of which are of the same length as the 
edges of the metallic frame, is introduced into the vessel; and 
that a mass of oil equal in volume to that which is lost by one 
of the faces of the cube is placed in contact with one of the faces 
of this plate; I say that the liquid, after having become ex- 
tended upon the plate, will present in relief the same figure as 
the face of the modified cube presents in intaglio. Then, in fact, 
in passing from the hollow surface to that in relief, the radii of 
curvature corresponding to each point will only change their 
signs without changing in absolute value; consequently ($8) 
since the-condition of equilibrium is satisfied as regards the first 
of these surfaces, it will be equally so with regard to the second. 

Now let us imagine a plane passing through one side of the 
plate, and tangentially to the surface of the liquid which adheres 
to it at that point. As long as this liquid is in small quantity, 
we should imagine, and experiment bears us out, that the plane 
in question will be strongly inclined towards the plate; but if 
we gradually increase the quantity of liquid, the angle comprised 
between the plane and the plate will also continue to increase, 
and instead of being acute, as before, will become obtuse. Now 
so long as this angle is less than 45°, the convex surface of the 
liquid adhering to the plate will remain identical with the con- 
cave surfaces of the mass attached to the metallic frame, and 
suitably diminished ; but beyond this limit, the coexistence in 
the frame of the six hollow identical surfaces with the surface 
in relief becomes evidently impossible, for these surfaces must 
mutually intersect each other. Thus when the withdrawal of 
the liquid from the mass forming the cube is continued, a point 
is attained at which the figure of equilibrium ceases to be 
realizable in accordance with the ordinary law of pressures. We 
then meet with a new verification of the principle enunciated in 
§ 28, z. e. that the formation of layers commences. These layers 
are plane; they commence at each of the wires of the frame, 
and connect the remainder of the mass to the latter, which con- 
tinues to present six concave surfaces. In fact, we can imagine, 
that by this modification of the liquid figure, the existence of 
the whole of this in the metallic frame again becomes possible, 
as also the equilibrium of the system; for there is then no fur- 
ther impediment to the concave surfaces assuming that form 
which accords with the ordinary law of pressures; and, on the 
other hand, in supposing the layers to be sufficiently thin, the 
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pressure belonging to them might be equal to that which corre- 
sponds to these same concave surfaces (§ 25). 
On removing still further portions of the liquid, the layer will 
continue to enlarge, whilst the full mass which occupies the 
middle of the figure will diminish in volume, and this mass can 
thus be reduced to very minute dimensions: fig. 12 represents 
the entire system in this latter state. It is even possible to 
make the little central mass disappear entirely, and thus to ob- 
tain a complete laminar system; but. for this purpose certain 
precautions must be taken, which I shall now point out. When 
the central mass has become sufficiently small, the point of the 
syringe must first. be thoroughly wiped; otherwise the oil ad- 
heres to its exterior to a certain height, and this attraction keeps 
a certain quantity of oil around it, which the instrument cannot 
absorb into its interior. In the second place, the point of the 
syringe must be depressed to such an extent, that it nearly 
touches the inferior surface of the little mass. During the suc- 
tion, this surface is then seen to become raised, so as to touch 
the orifice of the instrument, and the latter then absorbs as 
much of the alcoholic mixture as of the oil; but this is of no 
consequence, and the minute mass is seen to diminish by de- 
grees, so as at last completely to disappear. The system then 
consists of twelve triangular layers, each of which commences at 
one of the wires of the frame, and all the summits of which 
unite at the centre of the figure ; it is represented in fig. 13. 
But this system is only formed during the action of the sy- 
‘ringe. If, when this is complete, the point of the instrument is 
‘slowly withdrawn, an additional lamina of a square form is seen 
‘to be developed in the centre of the figure (fig. 14). This then 
is the definitive laminar system ‘to which the liquid cube is re- 
duced by the gradual diminution of its mass. 
» 32. In the preceding experiment, as in that of paragraph 23, 
the thickness of the layers is at first greater than that which 
would correspond to equilibrium. | If then the system were left 
to itself whilst it still contains a central mass, we should imagine 
‘that one portion of the liquid of the layers would be slowly 
driven towards this mass, and that the layers would gradually 
become thinner. Moreover it always happens that one or the 
other of the latter increases after some time, undoubtedly for 
the reason which we have already pointed out (§ 26). Hence, 
for the perfect success of the transformation of the cube into the 
VOL. V. PART Xx, 2T 
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laminar system, one precaution, which has not yet been spoken 
of, must be attended to. It consists in the circumstance, that 
from the instant at which the layers arise, the exhaustion of the 
liquid must be continued as quickly as possible until the central 
mass has attained a certain degree of minuteness. In fact, as soon 
as the formation of the layers commences, their tendency to be- 
come thinner also begins to be developed; and if the operation 
is effected too slowly, the system might break before it was com- 
pleted. When the central mass is sufficiently reduced, and ex- 
perience soon teaches us to judge of the suitable point, the action 
of the syringe must be gradually slackened, and at last the other 
precautions which we have mentioned must be taken. 

We are able then to explain the rupture of the layers so long 
as there is a large or small central mass; but when the laminar 
system is complete, we do not at the first glance see the reason 
why the thickness of the layers diminishes, and consequently 
why destruction of the system takes place. Nevertheless the 
rupture ultimately takes place in this as in the other case, and 
the time during which the system persists rarely extends to half 
an hour. In ascertaining the cause of this pheenomenon, it must 
be remarked that the intersections of the different layers cannot 
occur suddenly, or be reduced to simple lines: it is evident that 
the free transition between two liquid surfaces could not be thus 
established in a discontinuous manner. These transitions must 
therefore be effected through the intermedium of minute concave 
surfaces, and with a little attention we can recognise that in fact 
this really takes place. We can then understand that the oil of 
the layers ought also to be driven towards the places of junction 


of the latter; and consequently the absence of the little central — 


mass does not prevent the gradual attenuation of the layers, 
and the final destruction of the system. 

33. If, during the action of the syringe, when the system 
shown in fig. 13 has been attained, instead of slowly withdrawing 
the instrument, it is suddenly detached by a slight shake in a 
vertical direction, the additional layer is not developed; but the 
little mass in fig. 12 is seen to be reproduced very rapidly. This 
fact confirms in a remarkable manner the explanation which we 
have given in the preceding paragraph. In fact, at the moment 
at which the point of the instrument is separated from the 
system, the latter may be considered as composed of hollow py- 
ramids; now it also follows, from causes relating to their conti- 


m” 


WITHDRAWN FROM THE ACTION OF GRAVITY. 619 


nuity, that the summits of these pyramids should not constitute 
simple points, but little concave surfaces. But as the curva- 
tures of these minute surfaces are very great in every direction, 
they would give rise to still far less pressure than those which 
establish the transitions between each pair of surfaces of the 
layers; for in the latter there is no curvature in one direction. The 
oil of the layers will therefore be driven with much greater force 
towards the centre of the figure than towards the other parts of 
the junctions of these layers. Again, the twelve layers termi- 
nating in this same centre, the oil flows there simultaneously 
from a large number of sources. These two concurrent causes 
ought then, in conformity with experiment, to produce the rapid 
reappearance of the small central mass; and we can understand 
why it is impossible to obtain the complete system of the pyra- 
mids otherwise than during the action of the syringe. 

34. All the other polyhedric liquids become transformed, like 
the cube, into laminar systems when the mass of which they are 
composed is gradually diminished. Among these systems, some 
are complete; the others still contain very small masses, which 
cannot be made to disappear entirely. Analogous considerations 
to those which we applied with regard to the cube would show, 
in each case, that the formation of layers commences as soon as 
the hollow surfaces which would correspond to the ordinary law 
of pressures cease to be able to coexist in the solid frame. Figs, 
15, 16, 17 and 18, represent the laminar systems resulting from 
the triangular prism, the hexahedral prism, the tetrahedron and 
the pyramid with a square base, these systems being supposed 
to be complete. They are all formed of plane layers, com- 


~mencing at each of the metallic wires ; and that of the hexahe- 
-dral prism, as is shown, contains an additional layer in the centre 


of the figure. 

35. The system arising from the regular octohedron presents 
a singular exception, which I have not been able to explain. 
The layers of which this system is composed are curved, and 
form a fantastical group, of which it is difficult to give an 
exact idea by graphic representations. Fig. 19 exhibits them 
projected upon two rectangular vertical planes; and it is seen 
that the aspects of the system observed upon two adjacent sides 
are inverse as regards each other. The formation of this system 
presents a curious peculiarity. At the commencement of the 
operation, all the faces of the octohedron become simultaneously 


a, 
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hollow; the layers in progress of formation are plane, and 
arranged symmetrically, so that the system tends towards the 
form represented at fig. 20. But when a certain limit is attained, 
a sudden change occurs, the layers become curved, and the 
system tends to assume the singular form which we have men- 
tioned. I have several times repeated the experiment, varying 
the circumstances as much as possible, and the same effects are 
always produced. 

In the course of this memoir, I shall point out another pro- 
cess for obtaining laminar systems; it is an extremely simple 
one, and has moreover the advantage of producing all the sy- 
stems in a complete state. 

36. In concluding our observations upon polyhedric liquids, 
I shall remark that the triangular prism may be employed to pro- 
duce the phenomena of dispersion. In this way a beautiful solar 
spectrum may be obtained by means of a prism with liquid faces. 
But as the effect only depends upon the excess of the refracting 
action of the oil above that of the alcoholic liquid, to obtain a 
considerably extended spectrum the angle of refraction of the 
prism must be obtuse; an angle of 110° gives a very good result. 
Moreover, it is evidently requisite that the faces of the prism 
should be perfectly plane, which is obtained by using a carefully 
made frame; by establishing exact equilibrium between the 
density of the liquids; and lastly, by arresting the action of the 
syringe exactly at the proper point. 


[To be continued. ] 
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Experimental and Theoretical Researches on the Figures of 
Equilibrium of a Liquid Mass withdrawn from the Action of 
Gravity. By J. Puateau, Professor at the University of 
Ghent, Member of the Royal Academy of Belyium, &c. 


SEeconp SERIEs. 
Other figures of Revolution besides the Sphere. Liquid Cylinder. 


37. LET us now endeavour to form some new liquid figures. 


' Those best adapted to theoretical considerations would be figures 


terminated by surfaces of revolution other than the sphere and 
lenticular figures, which we have already studied. Surfaces of 
revolution enjoy simple properties in regard to the radii of the 
greatest and least curvature at every point; we know that one 
of these two radii is the radius of curvature of the meridional 
line, and that the other is that portion of the normal to this line 
which is included between the point under consideration and the 
axis of revolution. We shall now endeavour to obtain figures 
of this nature. 

38. Let our solid system be composed of two rings of iron wire, 
equal, parallel, and placed opposite to each other. One of 
these rings rests upon the base of the vessel by three feet com- 
posed of iron wire; the other is attached, by means of an inter- 
mediate piece, to the axis traversing the central stopper, so that 
it may be approximated to or remoyed from the former by de- 
pressing or elevating this axis*. The system formed by these 


* In the experiments which we are now about to describe, the short axis 
represented in fig. 2 of the preceding memoir, and which has hitherto answered 
our purpose, must be replaced by another of about 15 centims. in length. 
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two rings is represented in Plate VII. fig. 20 dis; the diameter 
of those which I employed was 7 centims. 

After having raised the upper ring as much as possible, let 
a sphere of oil, of a slightly larger diameter than that of the 
rings, be formed, and conducted towards the lower ring, in 
such a manner as to make it adhere to the entire circum- 
ference of the latter; then depress the upper ring until it 
comes into contact with the liquid mass and the latter is uni- 
formly attached to it. When the mass has thus become ad- 
herent to the system of the two rings, let the upper ring be 
slowly raised ; when the two rings are at a proper distance apart, _ 
the liquid will then assume the form the vertical projection of 
which is represented in fig. 21, in which the lines a 6 and ed are 
the projections of the rings. The two portions of the surface 
which are respectively applied to each of the rings are convex 
spherical segments; and the portion included between the two 
rings constitutes a figure of revolution, the meridional curve of 
which, as is shown, is convex externally. We shall recur, in the 
following series, to this part of the liquid figure. If we now 
continue gradually to raise the upper ring, the curvature of the 
two extremities and the meridional curvature of the intermediate 
portion will be diminished; and if there is exact equilibrium 
between the density of the oil and the surrounding liquid, the 
surface included between the two rings will be seen to assume a 
perfectly cylindrical form (fig. 22). The two bases of the liquid 
figure are still convex spherical segments, but their curvature is 
less than in the preceding figure. If the interval between the 
rings be still further increased, it is evident that the surface in- 
cluded between them would lose the cylindrical form, and that 
a new figure would result. This is what occurs; but the consi- 
deration of the figure thus produced must be deferred. 

Instead then of immediately increasing the distance between 
the rings, let us commence by adding a certain quantity of oil 
to the mass, which will again render the surface included be- 
tween the rings convex. Let us then gradually elevate the 
upper ring, and we shall produce a cylinder of greater height 
than the first. If we repeat the same manipulation a suitable 
number of times, we shal¥ ultimately obtain the cylinder of the 
greatest height which our apparatus permits. I have in this 
manner obtained a perfectly cylindrical mass 7 centims. in dia- 
meter and about 14 centims. in height (fig. 23). To allow of 
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the cylinder of this considerable height being perfect, it is requi- 
site that perfect equality be established between the densities of 
the oil and the alcoholic liquid. As a very slight difference in 
either direction tends to make the mass ascend or descend, the 
latter assumes, to a more or less marked extent, one of the two 
forms represented in fig. 24. Even when the cylindric form has 
been obtained by the proper addition of alcohol of 16° or absolute 
alcohol, as occasion may require (§ 24 of the preceding memoir), 
slight changes in temperature are sufficient to alter and repro- 
duce one of the above two forms. 

39. Let us now examine the results of these experiments in 
a theoretical point of view. First, it is evident that a cylindrical 
surface satisfies the general condition of equilibrium of liquid 
figures, because the curvatures in it are the same at every point. 
Moreover, such a surface being convex in every direction except 
in that of the meridional line, where there is no curvature, the 
pressure corresponding to it ought to be greater than that cor- 
responding to a plane surface. The same conclusions are de- 
ducible from the general formulz (2.) and (3.) of paragraphs 4 
and 5. In fact, as we have already stated in paragraph 37, one 
of the quantities R and R’ is the radius of curvature of the meri- 
dional line, and the other is the portion of the normal to this 
line included between the point under consideration and the axis 
of revolution. Now in the case of the cylinder, the meridional 
line being a right line, its radius of curvature is everywhere in- 
finitely great ; and, on the other hand, this same right line being 
parallel to the axis of revolution, that portion of the normal 
which constitutes the second radius of curvature is nothing more 
than the radius itself of the cylinder. Hence it follows, that one 


of the terms of the quantity aw disappears, and that the 


other is constant; this same quantity is therefore constant, and 
consequently the condition of equilibrium is satisfied. Now if we 
denote by 2 the radius of the cylinder, the general value of the 
pressure for this surface would become 
ya 
P+ et 
Now 2 being positive because it is directed towards the interior 
of the liquid (§ 4), the above value is greater than P, i. e. than 
that which would correspond to a plane surface. It is therefore 
evident that the bases of our liquid cylinder must necessarily be 
2u2 
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convex, as is shown to be the case by experiment; for as equili- 
brium requires that the pressure should be the same throughout 
the whole extent of the figure, these bases must produce a 
greater pressure than that which corresponds to a plane surface. 

Our plane figure then fully satisfies theory ; but verification 
may be urged still further. Theory allows us to determine with 
facility the radius of those spheres of which the bases form a 
part. In fact, if we represent this radius by 2, the formula (1.) 
of paragraph 4 will give, for the pressure corresponding to the 
spheres in question, 


i eae 
x 


Now as this pressure must be equal to that corresponding to 
the cylindrical surface, we shall have 
Al 1 

Pts (SSP+A.s, 

from which we may deduce 
D2. 

Thus the radius of the curvature of the spherical segments con- 
stituting the bases is equal to the diameter of the cylinder. 

Hence, as we know the diameter, which is the same as that 
of the solid rings, we may calculate the height of the spherical 
segments; and if by any process we afterwards measure this 
height in the liquid figure, we shall thus have a verification of 
theory even as regards the numbers. We shall now investigate 
this subject. 

40. If we imagine the liquid figure to be intersected by a 
meridional plane, the section of each of the segments will be an 
arc belonging to a circle the radius of which will be equal to 22, 
according to what we have already stated, and the versed sine of 
half this arc will be the height of the segment. If we suppose 
the metallic filaments forming the rings to be infinitely small, so — 
that each of the segments rests upon the exact circumference of 
the cylinder, the chord of the above arc will also be equal to 2X3 9 
and if we denote the height of the segments by 4, we shall have 

h=U2— V3) =0°268 . 2d. 
Now the exact external diameter of my rings, or the value of 2X — 
corresponding with my experiments, was 71°4 millims., which — 
gives h=9°57 millims. But as the metallic wires have a certain 
thickness, and the segments do not rest upon the external circum- 
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ference of the rings, it follows that the chord of the meridional 
are is a little less than 2, and that consequently the true theo- 
retical height of the segments is a little less than that given by the 
preceding formula. To determine it exactly, let us denote the 
chord by 2c, which will give 
h=2n— V4 —C?, 

Now let us remark, that the meridional plane intersects each of 
the rings in two small circles to which the meridional arc 
of the spherical segment is tangential, and upon each of which 
the chord of this arc intercepts a small circular segment. The 
meridional are being tangential to the sections of the wire, it 
follows that the above small circular segments are simila* to 
that of the spherical segment; and as the chord of the latter 
differs but very slightly from the radius of the circle to which 
the arc belongs, the chords of the small circular segments 
may be considered as equal to the radius of the small sec- 
tions, which radius we shall denote by 7. It is moreover 
evident that the excess of the external radius of the ring over 
half the chord c is nothing more than the excess of the radius r 
over half the chord of the small circular segments, which half 


chord, in accordance with what we have stated, is equal to er 


1 
Thence we get Are= Fr, whence c=r—>r; and we have only to 


substitute this value in the preceding formula to obtain the true 
theoretical value of h. The thickness of the wire forming my 


rings is 0°74 millim., hence af = 018 millim., which gives as 


the true theoretical height of the segments under these circum- 
stances, 
h=9°'46 millims. 

I may remark, that it is difficult to distinguish in the liquid 
figure the precise limit of the segments, 7. e. the circumferences of 
contact of their surfaces with those of the rings. To get rid of 
this inconvenience, I measured the height of the segments, com- 
mencing only at the external planes of the rings, i. e. in the case 
of each segment, commencing at a plane perpendicular to the axis 
of revolution, and resting upon the surface of the ring on that 
side which is opposite the summit of the segment. The quantity 
thus measured is evidently equal to the total height minus the 
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versed sine of the small circular segments which we have con- 
sidered above; consequently these small circular segments being 
similar to that of the spherical segment, we obtain for the de- 
termination of this versed sine, which we shall denote by f, the 


proportion =f, which in the case of our liquid figure gives 
ae 
f=0°'05 millim., whence 
h—f=9'41 millims. 
This then is definitively the theoretical value of the quantity 
which was required to be measured. 

41. Before pointing out the process which I employed for 
this purpose, and communicating the result of the operation, I 
must preface a few important remarks. If the densities of the 
alcoholic mixture and of the oil are not rigorously equal, the 
mass has a slight tendency to rise or descend, and the height of 
one of the segments is then a little too great, whilst that of the 
other is a little too small; but we can understand that if their 
difference is very small, an exact result may still be obtained by 
taking the mean of these two heights. We thus avoid part of 
those preliminary experiments, which the establishment of per- 
fect equality between the two densities requires. But one cir- 
cumstance which requires the greatest attention, is the perfect 
homogeneity of each of the two liquids. If this condition be not 
fulfilled with regard to the alcoholic mixture, 7. e. if the upper 
part of this mixture be left containing a slightly greater propor- 
tion of alcohol than the lower portion, the liquid figure may ap- 
pear regular and present equal segments ; all that is required for 
this is, that the mean density of that part of the mixture which 
is at the same level as the mass, must be equal to the density of 
the oil; but under these circumstances the level of the two seg- 
ments is too low. In fact, the oil forming the upper segment is 
then in contact with a less dense liquid than itself, and conse- 
quently has a tendency to descend, whilst the opposite applies 
to the oil forming the inferior segment*. Heterogeneity of the 
liquid produces an opposite effect, i. e. it renders the height of the 
segments too great. In fact, the léast dense portions rising to 
the upper part of the mass, tend to lift it up, whilst the most 

* By intentionally producing very great heterogeneity in the alcoholic mix- 


ture (§ 9 of the preceding memoir), and employing suitable precautions, a per- 
fectly regular cylinder may be formed, the bases of which are absolutely plane. 
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dense portions descend to the lower part, and tend to depress it. 
Now the quantities of pure alcohol, and that at 16° added to the 
alcoholic mixture to balance the mass, necessarily produce an 
alteration in the homogeneity of the oil; for, in the first place, 
the oil during these operations being in contact with mixtures 
which are sometimes more, sometimes less charged with alcohol, 
must absorb or lose some of this by its surface; in the second 
place, these same additions of alcohol to the mixture diminish 
the saturation of the latter with the oil, so that it removes some 
of it from the mass; and this action is undoubtedly not equally 
exerted upon the two principles of which the oil is composed. 
Hence before taking the measures, the different parts of the oil 
must be intimately mixed together, which may be effected by 
introducing an iron spatula into the mass, moving it about in it 
in all directions, and this for a long time, because the mixture 
of the oil can only be perfectly effected with great difficulty on 
account of its viscidity. 

To avoid the influence of the reactions which render the oil 
heterogeneous, the operations must be conducted in the follow- 
ing manner :—The mass being introduced into the vessel and 
attached to the two rings, and the equality of the densities being 
perfectly established, allow the mass to remain in the alcoholic 
liquid for two or three days, re-establishing from time to time 
the equilibrium of the densities altered by the chemical reac- 
tions and the variations of temperature. Afterwards remove 
the two rings from the vessel, so that the mass remains free ; 
remove almost the whole of this, by means of a siphon, into 
a bottle, which is to be carefully corked; withdraw with the 
syringe the small portion of oil which is left in the vessel, and 
reject this portion. Next replace the two rings, and mix the 
alcoholic liquid perfectly ; then again introduce the oil into the 
vessel, taking the precaution of enveloping the bottle containing 
it with a cloth several times folded, so that the temperature may 
not be sensibly altered by the heat of the hand*. Then attach 


* The following is the reason why the oil must be removed from the vessel 
before employing it for the experiment. After having remained a considerable 
time in the alcoholic liquid, the of becomes enveloped by a kind of thin pel- 
licle ; or, more strictly speaking, the superficial layer of the mass has lost part 
of its liquidity, an effect which undoubtedly arises from the unequal action of 
the alcohol, upon the principles of which the oil is composed. The necessary 
result of this is, that the mass loses at the same time part of its tendency to 
assume a determinate figure of equilibrium, which tendency must therefore be 
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the mass to the lower ring only, the upper ring being raised as 
much as possible; mix the oil intimately, as we have said above ; 
then depress the upper ring, cause the mass to adhere to it, 
elevate it so as to form an exact cylinder, and proceed imme- 
diately to the measurement. 

42. The instrument best suited for effecting the latter opera- 
tions in an exact manner is undoubtedly that which has received 
the name of cathetometer, and which, as is well known, consists 
of a horizontal telescope moving along a vertical divided rule. 
The distance comprised between the summits of the two seg- 
ments is first measured by the aid of this instrument ; the distance 
included between the external planes of the two rings (§ 40) is 
then measured by the same means. The difference between the 
first and the second result evidently gives the sum of the two 
heights, the mean of which must be taken; and consequently 
this mean, or the quantity sought, h—f, is equal to half the 
difference in question. 

The determination of the distance between the external planes 
of the rings requires peculiar precautions. First, as the points 
of the rings at which we must look are not exactly at the ex- 
ternal surface of the figure, the oil interposed between these 


completely restored to it. This is why the oil is withdrawn by the siphon. In 
fact, the pellicle does not penetrate the interior of the latter, and during its 
contraction continues to envelope the small portion remaining; so that after 
the latter has been removed by the syringe, which ultimately absorbs the pel- 
licle itself, we get completely rid of the latter. 

Before using the siphon, the thickness and consistence of the pellicle are too 
slight to enable us distinctly to perceive its presence; but when the operation 
of the siphon is nearly terminated, and the mass is thus considerably reduced, 
we find that the surface of the latter forms folds, hence implying the existence 
of an envelope. Moreover, when the siphon is removed, the small residuary 
mass, which then remains freely suspended in the alcoholic liquid, no longer 
assumes a spherical form, but retains an irregular aspect, appearing to have no 
tendency to assume any regular form. 

This indifference to assume figures of equilibrium, arising from a diminution 
in the liquidity of the superficial layer, constitutes a new and curious proof of 
the fundamental principle relating to this layer (§§ 6 bis and 10 to 16). 
M. Hagen (Mémoire sur la Surface des Liquides, in the Memoirs of the Aca- 
demy of Berlin, 1845) has observed a remarkable fact, to which the preceding 
appears to be related. It consists in this, that the surface of water, left to itself 
for some time, undergoes a peculiar modification, in consequence of which the 
water then rises in capillary spaces to elevations which are very distinctly less 
than is the case when its surface is exempt @& freed from this alteration. This 
fact might perhaps be explained by admitting that the water dissolves a small 
proportion of the substance of the solid with which it is in contact, and that the 
external air acts chemically at the surface of the liquid upon the substance 
dissolved, thus giving rise to the formation of a slight pellicle which modifies 
the effects of the molecular forces. 
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points and the eye must produce some effects of refraction, 
which would introduce a slight error into the value obtained. 
To avoid this inconvenience, we need only expose the rings, by 
allowing the liquids to escape from the vessel by the stop-cock 
(note 2 to §9), then remove the minute portions of the liquid 
which remain adherent to the rings by passing lightly over their 
surface a small strip of paper, which must be introduced into 
the vessel through the second aperture. The drops of alcoholic 
liquid remaining attached to the inner surface of the anterior 
side of the vessel must also be absorbed in the same manner. 
In the second place, as it would be difficult for the rings to be 
rigorously parallel, their distance must be measured from two 
opposite sides of the system, and the mean of the two values - 
thus found taken. The following are the results which I ob- 
tained. The mensuration of the distance between the summits - 
gave first, in four successive operations, the values 76°77, 76°80, 
76°85 and 76°75 millims., the mean of which is 76°79 millims. 
But after the alcoholic liquid had been again agitated for 
some time, to render its homogeneity more certain, two new 
measurements taken immediately afterwards gave 77:05 and 
and 77:00 millims., or a mean of 77:02 millims. The distance 
between the external planes of the rings was found, on the one 
hand, by two observations, which agreed exactly, to be 57-73 
millims; on the other hand, two observations furnished the 
values 57°87 and 57°85 millims., or as the mean 57°86 millims. 
Taking then the mean of these two results, we get 57°79 millims. 
as the value of the distance between the centres of the external 
planes. Hence, if we assume the first of the two values ob- 
tained for the distance of the summits, 76°79 millims., we find 
16°79 —57°79 


h—f=——,—— =9'50 millims. ; 


and if from the second result, 77°02 millims., we find 


ee =9°61 millims, 

These two elevations evidently differ but little from 9:41 
millims., the altitude deduced from theory (§ 40) ; in the first 
case the difference does not amount to the ;j,dth part of 
this theoretical value, and in the second it hardly exceeds 
ysodths. These differences undoubtedly arise from slight re- 
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mains of heterogeneity in the liquids; it is probable that in the 
first case neither of the two liquids was absolutely homogeneous, 
and that the two contrary effects which thence resulted (§ 41) 
partly neutralized each other, whilst in the second case, the 
alcoholic liquid being rendered perfectly homogeneous, the effect 
of the slight heterogeneity of the oil exerted its full influence. 
However this may be, these differences in each case are so small, 
that we may consider experiment as in accordance with theory, 
of which it evidently presents a very remarkable confirmation. 

43. Mathematically considered, a cylindrical surface extends 
indefinitely in the direction of the axis of revolution. Hence it 
follows that the cylinder included between the two rings consti- 
tutes one portion only of the complete figure of equilibrium. 
Hence also if the liquid mass were free, it could not assume the 
cylindrical form as the figure of equilibrium; for the volume of 
this mass being limited, it would be necessary that the cylinder 
should be terminated on both sides by portions of the surface 
presenting other curvatures, which would not admit of the law 
of continuity. But this heterogeneity of curvature, which is 
impossible when the mass is free, becomes realizable, as our 
experiments show, through the medium of solid rings. As each 
of these renders the curvatures of the portions of the surface 
resting upon it (§ 20) independent of each other, the surface 
comprised between the two rings may then be of cylindrical 
curvature, whilst the two bases of the figure may present sphe- 
rical curvatures. We therefore arrive at the very remarkable 
result, that with a liquid mass of a limited volume we may ob- 
tain isolated portions of figures of equilibrium, which in their 
complete state would be extended indefinitely. 

44. With the view of obtaining a cylinder in which the pro- 
portion between the height and the diameter was still greater 
than that in fig. 23, I replaced the rings previously employed by 
two others, the diameter of which was only 2 centims. I first 
tried to make a cylinder 6 centims. in height, 7. e. the height of 
which was thrice the diameter; and in this operation I adopted 
a slightly different process from that of paragraph 38. The 
uniformity in the density of the two liquids being accurately 
established, I first gave the mass of oil a somewhat larger volume 
than that which the cylinder would contain; having then at- 
tached the mass to the two rings, I elevated the upper ring 
until it was at a distance of 6 centims. from the other; this 


-— 
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distance was measured by a scale introduced into the vessel 
and kept in a vertical position by the side of the liquid figure. 
In consequence of the excess of oil, the meridional line of the 
figure was convex externally; and as there was still a slight 
difference between the densities, this convexity was not symme- 
trical in regard to the two rings. I corrected this irregularity 
by successive additions of pure alcohol and alcohol of 16°, an 
operation which requires great circumspection, and towards the 
end of which these liquids could only be added in single drops. 
The figure being at last perfectly symmetrical, I carefully re- 
moved the excess of oil by applying the point of the syringe to 
a point at the equator of the mass, and in this manner I obtained 
a perfect cylinder. Subsequently, after having added some oil 
to the mass, I increased the distance between the rings until it 
was equal to 8 centims., 7. e. to four times their diameter. The 
oil was in sufficient quantity to allow of the meridional line of 
the figure being convex externally ; but the curvature was not 
perfectly symmetrical, and I encountered still greater difficulties 
in regulating it than in the preceding case. The defect in the sym- 
metry being ultimately corrected, the meridional convexity pre- 
sented a versed sine of about 3 millims. (fig. 25). I then proceeded 
to the removal of the excess of oil; but before the versed sine was 
reduced to 2 millims., the figure appeared to have a tendency to 
become thin at its lower part and to swell out at the upper part, 
as if the oil had suddenly become slightly increased in density. 
At this moment I withdrew the syringe, so as to be enabled to 
observe the effect in question better; the change in form then 
became more and more pronounced ; the lower part of the figure 
soon presented a true strangulation, the neck of which was 
situated nearly at a fourth part of the distance between the rings 
(fig. 26); the constricted portion continued to narrow gra- 
dually, whilst the upper part of the figure became swollen; 
finally, the liquid separated into two unequal masses, which re- 
mained respectively adherent to the two rings; the upper mass 
formed a complete sphere, and the lower mass a doubly convex 
lens. ‘The whole of these phenomena lasted a very short time 
only. 

With a view to determine whether any particular cause had 
in reality produced the alteration of the densities, I approximated 
the rings; then, after having reunited the two liquid masses, I 
again carefully raised the upper ring, ceasing at the height of 
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74 centims.,so that the versed sine of the meridional convexity was 
slightly greater than when this was 8 centims. The figure was 
then found to be perfectly symmetrical, and it did not exhibit 
any tendency to deformity ; whence it follows that the uniformity 
in the densities had not experienced any appreciable alteration. 
I recommenced, with still more care, the experiment with that 
figure which was 8 centims. in height; and I was enabled to 
approach the cylindrical form still more nearly; but before it 
was attained, the same phenomena again presented themselves, 
except that the alteration in form was effected in an inverted 
manner, i. e. the figure became narrow at the upper part and 
dilated at the base; so that after the separation into two masses, 
the perfect sphere existed in the lower ring and the lens in the 
upper ring. On subsequently uniting, as before, the two masses, 
and placing the rings at a distance of 7} centims. apart, the 
figure was again obtained in a regular and permanent form. 
Thus when we try to obtain between two solid rings a liquid 
cylinder the height of which is four times the diameter, the 
figure always breaks up spontaneously, without any apparent 
cause, even before it has attained the exactly cylindrical form. 
Now as the cylinder is necessarily a figure of equilibrium, what- 
ever may be the proportion of the height to the diameter, we 
must conclude that the equilibrium of a cylinder the height of 
which is four times the diameter is unstable. As the shorter 
cylinders which I had obtained did not present analogous effects, 
I was anxious so satisfy myself whether the cylinders were really 
stable. I therefore again formed a cylinder 6 centims. in height 
with the same rings; but this, when left to itself for a full half 
hour, presented a trace only of alteration in form, and this trace 
appeared about a quarter of an hour after the formation of the 
cylinder, and did not subsequently increase, which shows that 
it was due to some slight accidental cause. 

The above facts lead us then to the following conclusions,— 
Ist, that the cylinder constitutes a figure the equilibrium of 
which is stable when the proportion between its height and its 
diameter is. equal to 3, and with still greater reason when this 
proportion is less than 3; 2nd, the cylinder constitutes a figure 
the equilibrium of which is unstable when the proportion of its 
height to its diameter is equal to 4, and with still greater reason 
when it exceeds 4; 3rd, consequently there exists an interme- 
diate relation, which corresponds to the passage from stability to 
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instability. We shall denominate this latter proportion the limit 
of the stability of the cylinder. 

45. These conclusions however are liable to a well-founded 
objection. Our liquid figure is complex, because its entire sur- 
face is composed of a cylindrical portion and of two portions 
which present a spherical curvature. Now we cannot affirm 
that these latter portions exert no influence upon the stability or 
the instability of the intermediate portion, and consequently 
upon the value of the proportion which constitutes the limit be- 
tween these two states. To allow of the preceding conclusions 
being rigorously applicable to the cylinder, it would be requisite 
that the figure should present no other free surface than the 
eylindrical surface, which is easily managed by replacing the 
rings by entire discs. I effected this substitution by employing 
dises of the same diameter as the preceding rings, but the results 
were not changed; the cylinder, 6 centims. in height, was well 
formed, and was found to be stable ; whilst the figure 8 centims. 
in height began to change before becoming see cylindrical, 
and was rapidly destroyed. The final resillt of this Been 
tion did not however consist, as in the case of the rings, of a 
perfect sphere and a double convex lens, but, as evidently 
ought to have been the case, of two unequal portions of spheres, 
respectively adherent to the two opposite solid surfaces. The 
limit of the stability of the cylinder therefore really lies be- 
tween 3 and 4. 

The experiments which we have just related are very delicate, 
and require some skill. In this, as in all other cases of measure- 
ments, the oil must be allowed to remain in the alcoholic mix- 
ture for two or three days, then the pellicle must be removed from 
it (note to p. 627); afterwards, when the mass, after having been 
again introduced into the vessel, has been attached to the two 
solid discs, some time must be allowed to elapse in order that 
the two liquids may be exactly at the same temperature; more- 
over, it must be understood that the experiments should be 
made in an apartment the temperature of which remains as con- 
stant as possible. Lastly, it is scarcely necessary to add, that 
when the alcoholic liquid is mixed, after having added small 
quantities of pure alcohol or alcohol at 16°, the movements of 
the spatula should be very slow, so as to avoid the communica- 
tion of too much agitation to the mass of oil; we are even some- 
times compelled momentarily to depress the upper disc, so as to 
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give greater stability to the mass, and thus to prevent the move- 
ments in question from producing the disunion. 

46. It might be asked, whether the want of symmetry, which 
is constantly seen in the spontaneous modification of the above 
unstable figures, is the result of a law which governs these 
figures; or whether it simply arises, as we should be led to be- 
lieve at first sight, from imperceptible differences still existing 
between the densities of the two liquids, which differences acting 
upon unstable figures might produce this want of symmetry, 
notwithstanding their extreme minuteness. 

After having concluded the preceding experiments, I imagined 
that to solve the question in point, all that would be requisite 
would be to arrange matters so that the axis of the figure, in- 
stead of being vertical, as in the above experiments, should have 
a horizontal direction. In fact, in the latter case, the slightest 
difference between the densities ought to have the effect of 
slightly curving the figure, but evidently cannot give the liquid 
any tendency to move in greater quantity towards one extremity 
of the figure than the other; whence it follows, that, if the spon- 
taneous alteration of the figure still occurs unsymmetrically, this 
can only be owing to a peculiar law. 

On the other hand, if the figure really tends of itself to change 
its form unsymmetrically, it is clear, that, in the case of the ver- 
tical position of the axis, the effect of a trace of difference be- 
tween the densities ought to concur with that of the instability, 
and thus to accelerate the moment at which the figure com- 
mences to alter spontaneously. Consequently, on avoiding this 
extraneous cause by the horizontal direction of the axis of the 
figure, we may hope to approximate more nearly to the cylin- 
drical form, or even to attain it exactly; we can moreover un- 
derstand, that the difficulty in the operations will be found 
to be considerably diminished. 

I therefore constructed a solid system, presenting two vertical 
discs of the same diameter, placed parallel with each other, at 
the same height, and opposite each other. Each of these discs 
is supported by an iron wire fixed normally to its centre, then 
bent vertically downwards, and the lower extremities of these 
two wires are attached to a horizontal axis furnished with four 
small feet. This system is represented in perspective in fig. 27. 
The diameter of the discs is 30 millims., but the distance which 
separates them is not four times this diameter. I thought that 
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by approximating the figure more to the limit of stability, the 
operations would require still less trouble; the distance in 
question is only 108 millims., so that the relation between the 
length and the diameter of the liquid cylinder which would ex- 
tend between the two discs, would be equal to 3°6. 

We shall now detail the results obtained by the employment 
of this system. In the first place, the operations were much 
more easily performed*. In the second place, the figure still 
had a tendency to deformity before it had been rendered per- 
fectly cylindrical; but this tendency always exhibited itself 
unsymmetrically, as in the vertical figures; from which circum- 
stance alone we might conclude that the unsymmetrical nature 
of the phenomenon is not occasioned by a difference between 
the densities of the two liquids. In the third place, by a little 
management, I have pursued the experiment further, and suc- 
ceeded in forming an exact cylinder}. This lasted for amoment; 
it then began to be narrowed at one part of its length, becoming 
dilated at the other, like the vertical figures; and the phzeno- 
menon of disunion was completed in the same manner, giving 
rise ultimately to two masses of different volumes. 

I repeated the experiment several times, and always with the 
same results, except that the separation occurred sometimes on 
one, sometimes on the other side of the middle of the length of 
the figure. However, although the phenomenon is produced 
in an unsymmetrical manner with regard to the middle of the 
length of the figure, whether horizontal or vertical, on the con- 
trary there is always symmetry with regard to the axis; in other 


* The two discs in this solid system being placed at an invariable distance 
from each other, it is necessary, in making a mass of oil, the volume of which 
is not too great, adhere to them, to employ an extra piece consisting of a 
ring of iron wire of the same diameter as the discs, supported by a straight 
wire of the same metal, the free extremity of which is held in the hand: by 
means of this ring, the mass which has been previously attached to one of the 
discs is drawn out until it is equally attached to the other; the ring is then 
removed. The latter removes a small portion of the mass at the same time ; 
but on leaving the vessel, it leaves this portion in the alcoholic liquid ; it is 
then removed by means of the syringe. 

+ To effect this, the following proceeding must be adopted for the removal 
of the excess of oil. The operation is at first carried on with a suitable rapidity, 
until the figure begins to alter in form; the end of the point of the syringe is 
then drawn gently along the upper part of the mass, proceeding from the 
thickest to the other portion. This slight action is sufficient to move a minute 
ney of oil towards the latter, and thus to re-establish the symmetry of the 

gure; a new absorption is then made, the figure again regulated, and these 
proceedings are continued until the exactly cylindrical form is attained. 
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words, throughout the duration of the phenomenon the figure 
remains constantly a figure of revolution. We may add here, 
that in the horizontal figure the respective lengths of the con- 
stricted and dilated portions appear to be equal; we shall show, 
in the following series, that this equality is rigorously exact, at 
least at the commencement of the phenomenon. 

It is now evident that the alteration in the form of these 
cylinders is really the result of a property which is inherent in 
them. We shall hereafter deduce this property as a necessary 
consequence of the laws which govern a more general phzeno- 
menon. 

It moreover results from the above experiment, that the pro- 
portion 3°6 is still greater than the limit of stability, so that the 
exact value of the latter must lie between the numbers 3 and 
3°6. It is obvious that this method of experiment might be 
employed to obtain a closely approximative determination of 
the value in question; I propose doing this hereafter, and I 
shall give an account of the result in the following series, when 
I shall have to return to the question of the limit of stability of 
the cylinder. , 

47. In the unstable cylinders which we have just formed, the 
proportion of the length to the diameter was inconsiderable ; but 
what would be the case if we were to obtain cylinders of great 
length relatively to their diameter? Now under certain circum- 
stances, figures of this kind, more or less exactly cylindrical, may 
be realized, and we shall proceed to see what the results of the 
spontaneous rupture of equilibrium are. 

A fact which I described in paragraph 20 of the preceding 
memoir, and which I shall now describe more in detail, affords 
us the means of obtaining a cylinder of this kind, and of ob- 
serving its spontaneous destruction. When some oil is intro- 
duced by means of a small funnel into an alcoholic mixture con- 
taining a slight excess of alcohol, and the oil is poured in suffi- 
ciently quick to keep the funnel full, the liquid forms, between 
the point of the funnel and the bottom of the vessel where the 
mass collects, a long train, the diameter of which continues to 
increase slightly from the upper to the lower part, so as to form 
a kind of very elongated cone, which does not differ much from 
a cylinder*. This nearly cylindrical figure, the height of which 


* This slight increase in diameter depends upon the retardation which the 
resistance of the surrounding liquid occasions in the movement of the oil. 
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is considerable in proportion to the diameter, remains without 
undergoing any perceptible alteration so long as the oil of which 
it consists has sufficient rapidity of transference ; but when the 
oil is no. longer poured into the funnel, and consequently the 
motion of transference is retarded, the cylinder is soon seen to 
resolve itself rapidly into a series of spheres, which are per- 
fectly equal in diameter, equally distributed, and with their 
centres arranged upon the right line forming the axis of the 
cylinder. 

To obtain perfect success, the elements of the experiment 
should be in certain proportions. The orifice of the funnel 
which I used was about 3 millims in diameter, and 11 centims. 
in height. It rested upon the neck of a large bottle containing 
the alcoholic mixture, and its orifice was plunged a few milli- 
metres only beneath the surface of the liquid. Lastly, the length 
of the cylinder of oil, or the distance between the orifice and 
the lower mass, was nearly 20 centims. Under these circum- 
stances, three spheres were constantly formed, the upper of 
which remained adherent to the point of the funnel; the latter 
was therefore incomplete. We may add, that the excess of 
alcohol contained in the mixture should neither be too great nor 
too small; the proper quantity is found by means of a few pre- 
liminary trials. 

48. The constancy and regularity of the result of this experi- 
ment complete then the proof that the phenomena to which the 
spontaneous rupture of equilibrium of an unstable liquid cylinder 
gives rise, are governed by determinate laws. 

In this same experiment, the transformation ensues too 
rapidly to allow of its phases being well observed; but the pha- 
nomena presented to us by larger and less elongated cylinders, 
i. e. the formation of a dilatation and constriction in juxtaposition, 
and equal or nearly so in length, the gradual increase in thick- 
ness of the dilated portion and the simultaneous narrowing of 
the constricted portion, &c., authorize us to conclude that in the 
ease of a cylinder the length of which is considerable in propor- 
tion to the diameter, the following order of things takes place :— 
The figure becomes at first so modified as to present a regular 
and uniform succession of dilated portions, separated by con- 
stricted portions of the same length as the former, or nearly so. 
This alteration, the indications of which are very slight, gra- 
dually becomes more and more marked, the constricted portions 
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gradually becoming narrower, whilst the dilated portions increase 
in thickness, the figure remaining a figure of revolution ; at last 
the constrictions break, and each of the various parts of the 
figure, which are thus completely isolated from each other, 
acquire the spherical form. We must add, that the termination 
of the phenomenon is accompanied by a remarkable peculiarity, 
of which we have not yet spoken; but as it only constitutes, so 
to speak, an accessory portion of the general phenomenon, we 
shall transfer the description of it to a subsequent part of this 
memoir (see § 62). 

49. It might be asked, why, in the experiment which we have 
last described, the cylinder is only resolved into spheres when 
the rapidity of the transference of liquid of which it is composed 
is diminished. In fact, we cannot understand how a motion of 
transference could give stability to a liquid figure which in a 
state of repose was unstable. In explaining this apparent pecu- 
liarity, we must remark, that, as the spontaneous transformation 
of an unstable cylinder is effected under the action of continued 
forces, the rapidity with which the phenomenon occurs ought 
to be accelerated ; this may be, moreover, easily verified in expe- 
riments relating to larger and less elongated cylinders ; this same 
rapidity ought therefore always to be very minute at the com- 
mencement of the phenomenon. Now, in the case in question, 
as the changes in figure occur in the liquid of the cylinder whilst 
this liquid is animated by a movement of transference, it is evi- 
dent, from what we have stated, that if this movement of trans- 
ference is sufficiently rapid, the changes of form could only ac- 
quire a very slightly-marked development during the passage of 
the point of the funnel to the mass accumulated at the bottom 
of the vessel; so that, the liquid being continually renewed, 
there will be no time for any alteration in form to become very 
perceptible to the eye. Hence, so long as the rapidity of the 
flow is sufficiently great, the liquid figure will appear to retain 
its almost cylindrical form, although its length is considerable in 
comparison with its diameter. On the other hand, when the velo- 
city of the transference is sufficiently small, there will be time for 
the alterations in form to take place in a perfect manner, and 
we shall be able to see the cylinder resolve itself into spheres 
throughout the whole of its length. 

50. We shall now describe another method of experimenting, 
which allows us to observe the result of the transformation under 
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less restrained and more regular conditions in some respects 
than those of the preceding experiment, and which will more- 
over lead us to new consequences as regards the laws of the 
phenomenon. We shall first succinctly describe the apparatus 
and the operations, and afterwards add the necessary details. 
The principal parts of which the apparatus consists are,—1st, a 
rectangular plate of plate-glass, 25 centims. in length and 20 in 
breadth ; 2nd, two strips of the same glass, 13 centims. in length 
and 5-6 wmillims. in thickness, perfectly prepared and polished 
at the edges; 3rd, two ends of copper wire, about 1 millim. in 
thickness and 5 centims. in length; these wires should be per- 
fectly straight, and one extremity of each of them should be cut 
very accurately, then carefully amalgamated. The plate being 
placed horizontally, the two strips are laid flat upon its surface 
and parallel with its long sides, so as to leave an interval of 
about a centimetre between them; the two copper wires are 
then introduced into this, placing them in a right line in the 
direction of the length of the strips, and in such a manner that 
the amalgamated extremities are opposite to, and a few centi- 
metres distant from each other. A globule of very pure mer- 
cury, from 5 to 6 centims. in diameter, is next placed between 
the same extremities; the two strips of glass are then ap- 
proximated until they touch the wires, so as only to leave be- 
tween them an interval equal in width to the diameter of these 
wires. The little mass of mercury, being thus compressed late- 
rally, necessarily becomes elongated, and extends on both sides 
towards the amalgamated surfaces. If it does not reach them, 
the wires are made to slide towards them until contact and ad- 
hesion are established. The wires are then moved in opposite 
directions, so as to separate them from each other, which again 
produces elongation of the little liquid mass and diminution of 
its vertical dimensions. By proceeding carefully, and accom- 
panying the operation with slight blows given with the finger 
upon the apparatus to facilitate the movements of the mercury, 
we succeed in extending the little mass until its vertical thickness 
is everywhere equal to its horizontal thickness, i. e. to that of 
the copper wires. Thus the mercury forms a liquid wire of the 
same diameter as the solid wires to which it is attached, and 
from 8 to 10 centims. in length. This wire, considering the 
small size of its diameter, which renders the action of gravitation 
insensible in comparison with that of molecular attraction, may 
2x2 
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be considered as exactly cylindrical; so that in this manner we 
obtain a liquid cylinder, the length of which is from 80 to 100 
times its diameter, and attached by its extremities to solid parts, 
which cylinder preserves its form so long as it remains impri- 
soned between the strips of glass. Weights are next placed 
upon the parts of the two copper wires which project beyond 
the extremities of the bands, so as to maintain these wires in 
firm positions; lastly, by means which we shall point out pre- 
sently, the two strips of glass are raised vertically. At the same 
instant, the liquid cylinder, being liberated from its shackles, 
becomes transformed into a numerous series of isolated spheres, 
arranged in a straight line in the direction of the cylinder from 
which they originated*. Ordinarily the regularity of the system 
of spheres thus obtained is not perfect ; the spheres present dif- 
ferences in their respective diameters and in the distances which 
separate them; this undoubtedly arises from slight accidental 
causes, dependent upon the method of operation; but the dif- 
ferences are sometimes so small, that the regularity may be con- 
sidered as perfect. As regards the number of spheres corre- 
sponding to a cylinder of determinate length, it varies in dif- 
ferent experiments ; but these variations, which are also due to 
slight accidental canses, are comprised within very small limits. 

51. Let us now complete the description of the apparatus, 
and add some details regarding the operations. As the plate of 
glass requires to be placed in a perfectly horizontal position, it 
is supported for this purpose upon four feet with screws. A 
small transverse strip of thin paper is glued to each of the ex- 
tremities of the lower surface of the strips of glass, in such a 
manner that the strips of glass resting upon the plate through 
the medium of these small pieces of paper, their lower surface is 
not in contact with the surface of the plate. Without this precau- 
tion, the strips of glass might contract a certain adhesion to the 
plate, which would introduce an obstacle when the strips are 
raised vertically. Moreover, the latter are furnished, on their 
upper surface and at a distance of 6 millims. from each of their 
extremities, with a small screw placed vertically in the glass with 
the point upwards, firmly fixed to it with mastic, and rising 
8 millims, above its surface. These four screws are for the pur- 


* We may remark, that the conversion of a metallic wire into globules by 
the electric discharge, must undoubtedly be referred to the same order of 
phznomena. 
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pose of receiving the nuts which fix the strips to the system by 
means of which they are elevated. This system is made of iron ; 
it consists, in the first place, of two rectangular plates, 55 millims. 
in length, 12 in breadth and 3 in thickness. Tach of them is 
pierced, perpendicularly to its large surfaces, by two holes, so 
situated, that on placing each of these plates transversely upon 
the extremities of the two strips of glass, the screws with which 
the latter are furnished fit into these four holes. The screws 
being long enough to project above the holes, nuts may then be 
adapted to them, so that on screwing them the strips of glass 
become fixed in an invariable position with regard to each other. 
The holes are of an elongated form in the direction of the length 
of the iron plates; hence, after having loosened the nuts, the 
distance between the two strips of glass may be increased or 
diminished without the necessity of removing the plates. A ver- 
tical axis, 5 centims. in height, is implanted upon the middle of 
the upper surface of each of the plates; and the upper extremi- 
ties of these two axes are connected by a horizontal axis, at the 
middle of which a third vertical axis commences; this is directed 
upwards, and is 15 centims. in length. The section of the latter 
axis is square, and it is 5 millims. in thickness. When the nuts 
are screwed up, it is‘evident that the strips of glass, the iron 
plates, and the kind of fork which connects them, constitute an 
invariable system. The long vertical axis serves to direct the 
movement of this system; with this view, it passes with very 
slight friction through an aperture of the same section as itself, 
and 5 centims. in length, pierced in a piece which is fixed very 
firmly by a suitable support 10 centims. above the plate of glass. 
Lastly, the perforated piece is provided laterally with a thumb- 
screw, which allows the axis to be screwed into the tube. By 
this arrangement, if all parts of the apparatus have been care- 
fully finished, when once the little nuts have been screwed up, 
the two strips of glass can only move simultaneously in a 
parallel direction to each other, and always identically in 
the same direction perpendicular to the plate of glass.) When 
the liquid cylinder is well formed, and the weights are placed 
upon the free portions of the copper wires, the finger is passed 
under the horizontal branch of the fork, and the moveable system 
is raised to a suitable distance above the plate of glass; it is 
then maintained at this height by means of the thumb-screw, 
so as to allow the result of the transformation of the cylinder 
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to be observed. As the amalgamation of the copper wires 
always extends slightly upon their convex surface, the latter 
is coated with varnish, so that the amalgamation only occurs 
upon the small plane section. It would be almost impossible 
to judge by simple inspection of the exact point at which the 
separation of the copper wires from each other, to allow of the 
liquid attaining a cylindrical form, should be discontinued. To 
avoid this difficulty, the length of the cylinder is given before- 
hand, and this length is marked by two faint scratches upon 
the lateral surface of one of the strips of glass; the weight of 
the globule of mercury, which is to form a cylinder of this 
diameter and of the length required, is then determined by cal- 
culation from the known diameter of the wire ; lastly, by means 
of a delicate balance, the globule to be used in the experiment 
is made exactly of this weight. All that then remains to be 
done, is to extend the little mass until the extremities of the 
copper wires between which it is included have reached the marks 
traced upon the glass. Lastly, in making a series of experi- 
ments, the same mercury may be used several times if the iso- 
lated spheres are united into a single mass at the end of each 
observation. However, after a certain number of experiments, 
the mercury appears to lose its fluidity, ‘and the mass always 
becomes disunited at some point, in spite of all possible precau- 
tions, before it has become extended to the desired length, 
which phznomena arise from the solid wires imparting a small 
quantity of copper to the mercury. The latter must then be 
removed, the plates of glass and the strips cleaned, and a new 
globule taken. The amalgamation of the wires also sometimes 
requires to be renewed. 

52. By means of the above apparatus and methods, I have 
made a series of experiments upon the transformation of the 
cylinders ; but before relating the results, it is requisite for their 
interpretation that we should examine the phenomenon a little 
more closely. 

Let us imagine a liquid cylinder of considerable length in pro- 
portion to its diameter, and attached by its extremities to two 
solid bases ; let us suppose that it is effecting its transformation, 
and let us consider the figure at a period of the phenomenon 
anterior to the separation of the masses, 7. e. when this figure is 
still composed of dilatations alternating with constrictions. As 
the surfaces of the dilatations project externally from the primitive 
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cylindrical surface, and those of the constrictions on the contrary 
are internal to this same surface, we can imagine in the figure a 
series of plane sections perpendicular to the axis, and all having 
a diameter equal to that of the cylinder; these sections will evi- 
dently constitute the limits which separate the dilated from the 
constricted portions, so that each portion, whether constricted 
or dilated, will be terminated by two of them; moreover, as the 
two solid bases are necessarily part of the sections in question, 
each of these bases should occupy the very extremity of a con- 
stricted or dilated portion. This being granted, three hypotheses 
present themselves in regard to these two portions of the figure, 
z. e. to those which rest respectively upon each of the solid bases. 
In the first place, we may suppose that both of the portions are 
expanded. In this case, each of the constrictions will transfer 
the liquid which it loses to the two dilatations immediately ad- 
jacent to it; the movements of transport of the liquid will take 
place in the same manner throughout the whole extent of the 
figure, and the transformation will take place with perfect regu- 
larity, giving rise to isolated spheres exactly equal in diameter, 
and at equal distances apart. This regularity will not however 
extend to the two extreme dilatations; for as each of these is 
terminated on one side by a solid surface, it will only receive 
liquid from the constriction which is situated on the other side, 
and will therefore acquire less development than the intermediate 
dilatations. Under these circumstances, then, after the termi- 
nation of the phenomenon we ought to find two portions of 
spheres respectively adherent to two solid bases, each presenting 
a slightly less diameter than that of the isolated spheres arranged 
between them. 

In the second place, we may admit that the terminal portions 
of the figure are, one a constriction and the other a dilatation. 
The liquid lost by the first, not being then able to traverse the 
solid base, will necessarily all be driven into the adjacent dilata- 
tion; so that, as the latter receives all the liquid necessary to its 
development on one side only, it will receive none from the op- 
posite side; consequently all the liquid lost by the second con- 
striction will flow in the same manner into the second dilatation, 
and so on up to the last dilatation. The distribution of the 
movements of transport will therefore still be regular throughout 
the figure, and the transformation will ensue in a perfectly 
regular manner. This regularity will evidently extend even to 
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the two terminal portions, at least so long as the constrictions 
have not attained their greatest depth; but beyond that point 
this will not exactly be the case, for independence being then 
established between the masses, each of the dilatations, excepting 
that which rests upon the solid base, will enlarge simultaneously 
on both sides, so as to pass into the condition of the isolated 
sphere, by appropriating to itself the two adjacent semi-constric- 
tions, whilst the extreme dilatation can only enlarge on one side. 
Consequently, after the termination of the phenomenon, we 
should find, at one of the solid bases, a portion of a sphere of 
but little less diameter than that of the isolated spheres, and at 
the other base a much smaller portion of a sphere, arising from 
the semi-constriction which has remained attached to it. 

Lastly, in the third place, let us suppose that the terminal por- 
tions of the figure were both constrictions, in which case, after 
the termination of the phenomenon, a portion of a sphere equal 
to the smallest of the two above would be left to each of the solid 
bases. In this case, to be more definite, let us start from one of 
these terminal constrictions, for instance that of the left. All the 
liquid lost by this first constriction being driven into the conti- 
guous dilatation, and being sufficient for its development, let us 
admit that all the liquid lost by the second constriction also 
passes into the second dilatation, and so on; then all the dilata- 
tions, excepting the last on the right, will simply acquire their 
normal development; but the right dilatation, which, like each 
of the others, receives from that part of the constriction which 
precedes it the quantity of liquid necessary for its development, 
receives in addition the same quantity of liquid from that part 
of the constriction which is applied to the adjacent solid, so that 
it will be more voluminous than the others. Hence it is evident, 
in the case in point, that the opposed actions of the two terminal 
constrictions introduce an excess of liquid into the rest of the 
figure. Now, whatever other hypothesis may be made respecting 
the distribution of the movements of transport, it must always 
happen, either that the excess of volume is simultaneously distri- 
buted over. all the dilatations, or that it only augments the 
dimensions of one or two of them; but the former of these sup- 
positions is evidently inadmissible, on account of the complica- 
tion which it would require in the movements of transport; 
hence we must admit the second, and then the isolated spheres 
will not all be equal. Thus this third mode of transformation 
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would necessarily of itself induce a cause of irregularity ; and 
moreover it would not allow of a uniform distribution of the 
movements of transport, because there would be opposition in 
regard to these movements, at least in the terminal constrictions. 

It may therefore be regarded as very probable that the transfor- 
mation takes place according to one or the other of the two first 
methods, and never according to the third, i. e. that things will 
be so arranged that the figure which is transformed may have 
for its terminal portions either two dilatations, or one constric- 
tion and one dilatation, but not two constrictions. In the former 
case, as we have seen, the movement of the liquid of all the con- 
strictions would ensue on both sides simultaneously ; and in the 
second, this movement would occur in all in one and the same 
direction. If this is really the natural arrangement of the ph- 
nomenon, we can also understand how it will be preserved 
even when it is disturbed in its regularity by slight extraneous 
causes. Now this, as we shall see, is confirmed by the experi- 
ments relating to the mercurial cylinder: although the trans- 
formation of this cylinder has rarely yielded a perfectly regular 
system of spheres, I have found in the great majority of the re- 
sults, either that each of the solid bases was occupied by a mass 
little less in diameter than the isolated spheres, or that one of 
the bases was occupied by a mass of this kind and the other by 
a much smaller mass. 

53. For the sake of brevity, let us denominate divisions of the 
cylinder those portions of the figure, each of which furnishes a 


- sphere, whether we consider these portions in the imagination 


as in the cylinder itself, before the commencement of the trans- 
formation, or whether we take them during the accomplishment 
of the phenomenon, 7. e. during the modifications which they 
undergo in arriving at the spherical form. The length of a divi- 
sion is evidently that distance which, during the transformation, 
is comprised between the necks of two adjacent constrictions, 
consequently it is equal to the sum of the lengths of a dilatation 
and two semi-constrictions. Let us therefore see how the length 
in question, i. e. that of a division, may be deduced from the 
result of an experiment. Let us suppose the transformation to be 
perfectly regular, and let 2 be the length of a division, / that of 
the cylinder, and » the number of isolated spheres found after 
the termination of the phenomenon. Each of these spheres 
being furnished by a complete division, and each of the two ter- 
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minal masses by part of a division, the length / will consist of 2 
times , plus two fractions of X. To estimate the values of 
these fractions, we must recollect that the length of a constric- 
tion is exactly or apparently equal to that of a dilatation ($46) ; 
now, in the first of the two normal cases (§ 52), i.e. when the 
masses remaining adherent to the bases after the termina- 
tion of the phenomenon are both of the large kind, each of 
them evidently arises from a dilatation plus half a constriction, 
therefore three-fourths of a division; the sum of the lengths 
of the two portions of the cylinder which have furnished these 
masses is therefore equal to once and a half ), and we shall have 
l 
n+1.5° 
case, i. e. when the terminal masses consist of one of the large 
and the other of the small kind, the latter arises from a semi- 
constriction, or a fourth of a division, so that the sum of the 
lengths of the portions of the cylinder corresponding to these 


in this case =(n+1.5) 2X, whence \= In the second 


two masses is equal to X, consequently we shall have A= ot 
As the respective denominators of these two expressions re- 
present the number of divisions contained in the total length of 
the cylinder, it follows that this number will always be either 
simply a whole number, or a whole number and a half. On the 
other hand, as the phenomenon is governed by determinate 
laws, we can understand, that for a cylinder of given diameter 
composed of a given liquid, and placed under given circum- 
stances, there exists a normal length which the divisions tend 
to assume, and which they would rigorously assume if the total 
length of the cylinder were infinite. If then it happens that the 
total length of the cylinder, although limited, is equal to the 
product of the normal length of the divisions by a whole number, 
or rather a whole number plus a half, nothing will prevent the 
divisions from exactly assuming this normal length. If, on the 
other hand, which is generally the case, the total length of the 
cylinder fulfills neither of the preceding conditions, we should 
think that the divisions would assume the nearest possible to the 
normal length; and then, all other things being equal, the differ- 
ence will evidently be as much less as the divisions are more nu- 
merous, or, in other words, as the cylinder islonger. We should 
also believe that the transformation would adopt that of the two 
methods which is best adapted to diminish the difference in 
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question, and this is also confirmed by experiment, as we shall 
see presently. Hence, although, as I have already stated, the 
transformation of the cylinder of mercury almost always ensues 
in one of the two normal methods, the result is rarely very 
regular ; we must therefore admit, that slight accidental disturb- 
ing causes in general render the divisions formed in any one ex- 
periment unequal in length; but then the expressions of X ob- 
tained above evidently give in each experiment the mean length 
of these divisions, or, in other words, the common length which 
the divisions would have taken if the transformation had occurred 
in a perfectly regular manner, giving rise to the same number of 
isolated spheres and to the same state of the terminal masses. 

Lastly, since the third method of transformation presents 
itself, 7. e. since it sometimes happens that each of the bases 
is occupied by a mass of the small kind, if we would leave out of 
consideration the particular cause of irregularity inherent in this 
method (the preceding par.), and find the corresponding ex- 
pression of i, it need only be remarked, that each of the terminal 
masses then proceeds from a semi-constriction or the fourth of a 

l 

n+0°5 ° 

54. I shall now relate the results of the experiments. The 
diameter of the copper wires, consequently of the cylinder, was 
1:05 millim. I first gave the cylinder a length of 90 millims., 
and repeated the experiment ten times, noting after each the 
number of isolated spheres produced, and the state of the masses 
adherent to the bases; I then calculated for each result the 
corresponding value of the length of a division, by means of 
that of the three formule of the preceding paragraph which 
refers to this same result. I afterwards made ten more experi- 
ments, giving the cylinder a length of 100 millims., and also 
calculated the corresponding values of the length of a division. 
The table contains the results furnished by these cylinders, and 
the values deduced for the length ofa division. I enly obtained a 
perfectly regular result in one case in each series; I have placed 
an * opposite the corresponding number of isolated spheres. 


division, which will evidently give \= 
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Length of the cylinder 90 millims. Length of the cylinder 100 millims. 
Number ag Masses pilgrent to the pe ie be? f] Masses adherent to the ou 
spheres. Eee division.|| spheres. seat division. 
millims. millims. 
AGima | iwollarze ec... .crass-ss 7°83 11 /One large and one small| 8-33 
ZS ti Dwo large th. .s...besscas | 667 14 Two large ..........00... 6°45 
Deere iwarstoal een ceccsonsan 7:20 14. Eno Jaree va. ascarid a. 6-45 
15 IL wolarpe tyicscvscccn see 5°45 T40 "| T wo lange ©) tycatesceest- 6°45 
ace AD wo large sry. cere kates 5°81 *14 —‘|One large and one small) 6°67 
De | Rwoilante, Scesccssssaseact 7:20 13 [One large and one small| 7:14 
1 Rworlange! iseesce-csece 7:20 LU” “\ Two! larberecsdsuncer eves 8:00 
12.‘ |One large and one small) 6-92 14 |One large and one small| 6-67 
NS) alEwoslaree: src... .<..05'ss 6-21 13 Two, larze: (esssccecassans 6:90 
TPT Rwollarces sc ter acces es 7:20 LO |Dwo large: We eseceeseeas 8:69 


This Table shows, in the first place, that the different values 
obtained for the length of a division are not so far removed from 
each other as to prevent our perceiving a constant value, the 
uniformity of which is only altered by the influence of slight 
accidental causes. In the second place, out of twenty experi- 
ments, it happened once only that the masses adherent to the 
bases were both of the small kind. 

In the third place, both the perfectly regular results have 
given identically the same value for the length of a division ; 
this value, expressed approximatively to two decimal places, 
is 6°67 millims.; but its exact expression is 6% millims.; for 
the operation to be effected consists in the case of the first 
series, in the division of 90 millims. by 13:5, and in the case of 
the second series, in the division of 100 millims. by 15. As the 
two lengths given to the cylinder are considerable in proportion 
to the diameter, and consequently the numbers of division are 
tolerably large, this value, 62 millims., ought very nearly, if not 
exactly, to constitute that of the normal length of the divisions. 
It is seen, moreover, that to give the divisions this closely approxi- 
mative or exact value of the normal length, the transformation 
has chosen, in one case the first, in the other case the second 
method. 

55. Let us pursue our inquiry into the laws of the phzeno- 
menon with which we are engaged; we shall soon make an im- 
portant application of them, and it will then be understood why 
so extensive a development is given to this part of our work. 
It might be regarded as evident @ priori that two cylinders 
formed of the same liquid and placed in the same circumstances, 
but differing in diameter, would tend to become divided in the 
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same manner, 7. e. that the respective normal lengths of the 
divisions would be to each other in the proportion of the dia- 
meters of these cylinders. 

In order to verify this law by experiment, I procured some 
copper wires, the diameter of which was exactly double that of 
the first, therefore equal to 2°1 millims., and I made with them 
a new series of ten experiments, giving the cylinder a length of 
100 millims. This series also furnished me with only a single 
perfectly regular result, which I have denoted as before by an * 
placed opposite the corresponding number of isolated spheres. 
The following is the Table relating to this series. 


Number of Length 
isolated Masses adherent to the bases. of a 
spheres. division, 

millims. 

7 A WolStiall.ersus-sesscsessteceees ; 
6 yy OWMAEe EW. teascieds cos Sddcas cece 13:33 
6 One large and one small ...... 14-28 
7 One large and one small ......) 12-50 
#6 Two large .... --| 14°33 
6 SRwOUATECY e.ccc.ssecmas reas --| 13°33 
6 One large and one small ...... 14:28 
8 One large and one small ...... 11-11 
8 iy Gisialluessdesaaerentsenersecee 11:76 
6 One large and one small ...... 14°28 


By stopping at the second decimal place, we have, as is evi- 
dent, 13°33 millims. for the value of the length of a division 
corresponding to the perfectly regular result; but as the opera- 
tion which yields it consists in the division of 100 by 7:5, the 
value when perfectly expressed is 134 millims. This then is very 
nearly, if not exactly, the normal length of the divisions of this 
new cylinder; now this length, 133 millims., is exactly twice the 
length, 62 millims., which belongs to the divisions of the cylinder 
of the preceding paragraph; these two lengths are therefore, in 
fact, in the proportion to each other of the diameters of the two 
cylinders. 

As the perfectly regular result of the above Table has given a 
mass of the larger kind to each base, it follows, that to enable 
the divisions of the cylinder itself to assume their normal length, 
or the nearest possible length to this, the transformation has 
necessarily ensued according to the former method; whilst in 
regard to a cylinder the diameter of which is a half less, and the 
total length of which is the same, 100 millims., the transforma- 
tion ensued according to the second method (§ 54). 
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Here also, the case in which there are two masses of the small 
kind to the solid bases is the least frequent, although it occurred 
twice. Lastly, the different values of the length of a division 
are more concordant than in the second series relating to the 
first diameter, and consequently show the tendency towards a 
constant value better; we also see that the normal length is that 
which is most frequently reproduced. 

56. According to the law which we have just established, 
when the nature of the liquid and external circumstances do not 
change, the normal length of the divisions is proportional to the 
diameter of the cylinder; or in other words, the proportion of 
the normal length of the divisions to the diameter of the cylinder 
is constant. 

As we have seen, the diameter of the cylinder in paragraph 54 
was 1:05 millim., and the normal length of its divisions was 
very little less than 6°67 millims. ; consequently, when the liquid 
used is mercury and the cylinder rests upon a plate of glass, 
the value of the constant proportion in question is at = 6:35, 
which approximates closely. 

To ascertain whether the nature of the liquid and external 
circumstances exert any influence upon this proportion, we 
shall now determine the value of the latter im the case of a 
cylinder of oil formed in the alcoholic mixture, which may be 
effected, at least approximatively, with the aid of the result of 
the experiment in paragraph 47. To simplify the considerations, 
we shall suppose that the transformation does not commence 
until the rapidity of transference has entirely ceased. The point 
of the funnel, on the one hand, and the section by which the 
imperfect liquid cylinder is in contact with the mass which 
collects at the bottom of the vessel, on the other hand, may then 
be regarded as playing the part of the two bases of the figure. 
Now it is evident that, as regards the second of these bases, the 
last: portion of the figure which is transformed should be a con- 
striction ; for if it constituted a dilatation, there would be discon- 
tinuity of the curvature at the junction of the respective sur- 
faces of the latter and the large mass, which is inadmissible. 
But the same reason does not apply to the other base; and ex- 
periment shows that in this case a dilatation is formed, because 
after the termination of the phenomenon, we always find at the — 
point of the funnel a mass comparable to the isolated spheres, 
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Hence in this experiment the transformation ensues according 
to the second method. Therefore, as the whole length of the 
figure is about 200 millims., and as the transformation constantly 
yields two isolated spheres, the mean length of the divisions has 


2 ae >. 
(§ 53) for its approximative value = millims. =66°7 millims. ; 


I say the mean length, because, as the diameter of the figure 
increases slightly from the summit towards the base, the divi- 
sions are probably not exactly equal in length. It must be 
added here, that the transformation ensues under circumstances 
which are always identical, and consequently, in the absence of 
accidental disturbing causes, the above quantity ought to repre- 
sent the normal length of the divisions, or the nearest possible 
length to the latter. Now I estimate the mean diameter of the 
figure before the transformation at about 4 millims.; we should 
consequently have 867 16-7 as the approximative value of the 
proportion between the normal length of the divisions and the 
diameter of the cylinder. This is therefore approximatively the 
constant proportion sought in the case of a cylinder of oil formed 
in the alcoholic mixture; now this proportion, as is evident, is 
much greater than that which belongs to the case of a cylinder 
of mercury resting upon a plate of glass. 

In fact, the length 66°7 millims. may differ somewhat mate- 
rially from the normal length; for if, on the one hand, the 
whole length of the figure of oil is considerable in regard to its 
diameter, on the other hand, the number of divisions which 
form there is very small. Let us then see, for instance, what is 
the least value which the normal length of these divisions may 
have. We must in the first place remark, that in this case, not- 
withstanding the absence of disturbing causes, the third method 
of transformation is possible; in fact, as the lower constriction 
is adherent to a liquid base, nothing can prevent the oil which 
it loses from traversing this base to reach the large mass, so 
that in the third method also, the direction of the movements 
of transport may be the same in regard to all the constrictions 
($52). This granted, as the denominator of the expression which 
gives the length of one division can only vary by half units (53), 
and as the length which we have found resulted from the divi- 
sion of 200 millims. by 3, it follows that the length immediately 
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below vould he fe mills, = 57*Vanillime.) which ‘welel Gor 


respond to three isolated spheres and a transformation disposed 
according to the third method. But as matters do not take 
place in this manner, since there are never more than two iso- 
lated spheres formed, and the transformation always ensues ac- 
cording to the second method, we must conclude that the normal 
length of the divisions approximates more closely to the length 
found, 66°7 millims., than the length 57:1 millims.; if then the 
normal length is greater than the first of these two quantities, it 
must at least be more than their mean, 7. e. 61°9 millims.; con- 
sequently the relation of the normal length of the divisions and 
the diameter of the cylinder is necessarily greater than = 
=15°5; now this latter number considerably exceeds the number 
6°35 which corresponds to the mercurial cylinder. 

Thus, the proportion of the normal length of the divisions to 
the diameter of the cylinder varies, sometimes according to the 
nature of the liquid, sometimes according to external circum- 
stances, at others according to both these elements. 

57. But I say that there is a limit below which this pro- 
portion cannot descend, and that this is exactly the limit of 
stability. Let us imagine a liquid cylinder of sufficient length 
in proportion to its diameter, comprised between two solid bases, 
and the transformation of which is taking place with perfect re- 
gularity. Suppose, for the sake of clearness, that the phzeno- 
menon ensues according to the second method, or in other 
words, that the terminal portions of the figure consist one of a 
constriction, the other of a dilatation ; then, as we have seen (52), 
the regularity of the transformation will extend to these latter 
portions, é. e. the terminal constriction and the dilatation will be 
respectively identical with the portions of the same kind of the 
rest of the figure. Let us then take the figure at that period of 
the phenomenon at which it still presents constrictions and di- 
latations, and let us again consider the sections, the diameter of 
which is equal to that of the cylinder (§ 52). Let us start from 
the terminal constricted portion ; the solid base upon which this 
rests, and which constitutes the first of the sections in question, 
will occupy, as we have shown, the origin of the constriction — 
itself; we shall then have a second section at the origin of the 
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first dilatation ; a third at the origin of the second constriction ; 
a fourth at the origin of the second dilatation, and so on; so that 
all the sections of the even series will occupy the origins of the 
dilatations, all those of the odd series the origins of the constric- 
tions. The interval comprised between two consecutive sections 
of the odd series will therefore include a constriction and a dilata- 
tion ; and as the figure begins with a constriction and terminates 
with a dilatation, it is clear that its entire length will be divided 
into a whole number of similar intervals. In consequence of 
the exact regularity which we have supposed to exist in the 
transformation, all the intervals in question will be equal in 
length; and as the moment at which we enter upon the con- 
sideration of the figure may be taken arbitrarily from the origin 
of the phenomenon to the maximum of the depth of the con- 
strictions, it follows that the equality of length of the intervals 
subsists during the whole of this period, and that, consequently, 
the sections which terminate these intervals preserve during this 
period perfectly fixed positions. Besides the parts of the figure 
respectively contained in each of the intervals undergoing iden- 
tically and simultaneously the same modifications, the volumes 
of all these parts remain equal to each other; and as their sum 
is always equal to the total volume of the liquid, it follows that, 
from the origin of the transformation to the maximum of depth 
of the constrictions, each of these partial volumes remains inva- 
riable, or in other words, no portion of liquid passes from any 
one interval into the adjacent ones. Thus, at the instant at 
which we consider the figure, on the one hand, the two sections 
which terminate any one interval will have preserved their primi- 
tive positions and their diameters; and on the other hand, these 
sections will not have been traversed by any portion of liquid. 
Matters will then have occurred in each interval in the same 
manner as if the two sections by which it is terminated had been 
solid discs. But the transformation cannot ensue between two 
solid discs, if the proportion of the distance which separates the 
dises to the diameter of the cylinder is less than the limit of 
stability ; the proportion of the length of our intervals and the 
diameter of the cylinder cannot then be less than this limit. Now, 
the length of an interval is evidently equal to that of a division ; 
for the first, in accordance with what we have seen above, is the 
sum of the lengths of a dilatation and a constriction; and the 
second is the sum of the lengths of a dilatation and two semi- 
VOL. V. PART XXI, oy 
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constrictions (§ 53) ; the proportion of the length of a division to 
the diameter of the cylinder cannot then be less than the limit 
of stability; and we may remark here that this conclusion is 
equally true, whether the divisions are able or not to assume 
exactly their normal length. 

58. Let us now attempt to ascertain the influence of the nature 
of the liquid and that of external circumstances, commencing 
with the latter. Our liquid cylinder of mercury, along the 
whole of the line at which it touches the plate of glass, must 
contract a slight adherence to this plate, which adherence must 
more or less impede the transformation. To discover whether 
this resistance exerted any influence upon the normal length of 
the divisions, consequently upon the proportion of the latter to 
the diameter of the cylinder, a simple means presented itself, 
viz. to augment this resistance. To arrive at this result, I 
arranged the apparatus in such a manner as to remove only one 
of the strips of glass, so that the liquid figure then remained 
simultaneously in contact with the plate and the other strip. 
I again repeated the experiment ten times, using copper wires 
1:05 millim. in diameter, and giving the cylinder a length of 
100 millims. The following were the results :— 


Number of Length 
isolated Masses adherent to the bases. of a 
spheres. division. 

millims 

9  |One large and one small......... 10-00 
S$ |One large and one small......... lll 
9  |One large and one small......... 10:00 
8  |One large and one small......... 11-11 
WL) </Gwo srmiall sic escsccsacocseussce 8°69 
8  |One large and one small......... 1111 
8  |One large and one small......... 11-11 
SV aidwoilarpe*ssoee ce. io eek ee canes 10-53 
8  |One large and one small...,..... 11-11 
b>) | POAC reccesunsecatastacseanene= 13°33 


It is evident that the different values of the length of a divi- 
sion, with a single exception, are all obviously greater than all 
those which relate to a cylinder of the same diameter, the sur- 
face of which only touches the glass by a single line (§ 54). We 
must thence conclude, that, all other things being the same, the 
length of the divisions increases with the external resistance, 
consequently, under the action of the same resistance this length 


is necessarily greater than it would be if the convex surface of — 


the cylinder had been perfectly free. 


sid 
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In the above series, neither of the results appears to be very 
regular; but we can readily understand that the mean of the 
values of the third column will approach the normal length of 
the divisions. This is moreover confirmed by the tables in §§ 54 
and 55: if we take in the former the respective means of the 
values of the two series, we find for one 6°77 millims., and for 
the other 7:17 millims., quantities, the first of which is nearly 
equal to the length 6°67 millims., which may be considered as 
the normal length, and from which the second does not differ 
much ; and if likewise we take the relative mean in the following 
table, we find 13°15 millims., a quantity very near the length 13°33 
millims., which in the case of the second table may also be re- 
garded as the normal length. Now, the corresponding mean 
in the above table is 10°81 millims.; consequently, in the case 


10°81 ; 
z = =10°29 as the approxi- 


of two lines of contact we have 


mate value of the proportion of the normal length of the divi- 
sions to the diameter of the cylinder, whilst in the case of a 
single line of contact we found only 6°35. Hence the propor- 
tion between the normal length of the divisions and the di- 
ameter of the cylinder increases by the effect of an external 
resistance. 

59. Let us proceed to the influence of the nature of the liquid. 
All liquids are more or less viscid, 7. e. their molecules do not 
enjoy perfect mobility with regard to each other. Now this 
gives rise to an internal resistance, which must also render the 
transformation less easy ; and as external resistances increase the 
length of the divisions, we can understand that the viscidity will 
act in the same manner, consequently all other things being 
equal, the proportion now under consideration will increase with 
this viscidity. But on the other hand, with equal curvatures, the 
intensities of the forces which produce the transformation vary 
with the nature of the liquid; for these intensities depend, in 
the case of each liquid, upon that of the mutual attraction of the 
molecules. Now it is clear that the viscidity will exert so much 
more influence upon the length of the divisions as the intensities 
of the forces in question are less. Thus, leaving external re- 
sistances out of the question, the proportions of the normal length 
of the divisions to the diameter of the cylinder will be greater in 
proportion to the viscidity of the liquid and the feebleness of the 
configuring forces. 

2x2 
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The intensities of the configuring forces corresponding to dif- 
ferent liquids may be compared numerically for the same curva- 
tures. In fact, let us first bear in mind that the pressure cor- 
responding to one element of the superficial layer and reduced 
to unity of the surface, is expressed by (§ 4), 


p, A 1 zm) 
o(at® 


Now, the value of the part P of this pressure being the same 
for ail the elements of the superficial layer, and the pressures 
being transmitted throughout the mass, this part P will always 
be destroyed, whether equilibrium exists in the liquid figure 
or not; so that the active part of the pressure, that which con- 
stitutes the configuring force, will have for its measure simply 


A 1 Seah : 
Sees Hence it is evident that when the curvatures are 


equal, the intensity of the configuring force arising from one ele- 
ment of the superficial layer is proportional to the coefficient A. 
Now this coefficient is the same as that which enters into the 
known expression of the elevation or depression of a liquid in a 
capillary tube, consequently the measures relating to this eleva- 
tion or depression will give us, in the case of each liquid, the 
value of the coefficient in question. Hence we may also say 
that the proportion of the normal length of the divisions to the 
diameter of the cylinder will be greater as the liquid is more 
viscid and as the value of A which corresponds to the latter di- 
minishes. For instance, oil is much more viscid than mercury ; 
on the other hand, it would be easy to show that the value of A 
is much less for the first than for the second of these two liquids ; 
lastly, this value must be much diminished in regard to our 
figure of oil by the presence of the surrounding alcoholic liquid, 
the mutual attraction of the molecules of the two liquids in con- 
tact diminishing the intensities of the pressures (§ 8). This is 
why the proportion belonging to a cylinder of oil formed in the 
alcoholic mixture considerably exceeds that belonging toa cylin- 
der of mercury resting upon a plate of glass, notwithstanding 
the slight external resistance to which the latter is subjected. 
60. It follows from this discussion concerning the resistances, 
that the smallest value which the proportion of the normal length 
of the divisions to the diameter of the cylinder could be sup- 
posed to have, corresponds to that case in which there is simul- 
taneously complete absence of external resistance and of vis- 
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cidity; and, after the demonstration given in § 57, this least 
value will be at least equal to the limit of stability. Now as all 
liquids are more or less viscid, it follows that, even on the hypo- 
thesis of the annihilation of all external resistance, the proportion 
in question will always exceed the limit of stability ; and since this 
is more than 3, this proportion will @ fortiori be always more 
man 3. 

It is conceivable that the least value considered above, i. e. 
that which the proportion would have in the case of complete 
absence of resistance both internal as well as external, would be 
equal to the limit of stability itself, or would very slightly 
exceed it. In fact, on the one hand, the proportion approximates 
to this limit as the resistances diminish, and on the other hand, 
if it exceeds it, the transformation becomes possible (§ 57); 
hence we see no reason why it should differ sensibly from it if 
the resistances were absolutely null. The results of our experi- 
ments, moreover, tend to confirm this view. First, since the 
proportion belonging to our cylinder of mercury descends from 
10°29 to 6°35, passing from that case in which the cylinder 
touches the glass at two lines to that where it touches it at a 
single one only (§ 58), it is clear that if this latter contact itself 
could be suppressed, which would leave the influence of the 
viscidity alone remaining, the proportion would become much 
less than 6°35; and as, on the other hand, it must exceed 3, 
we might admit that it would at least lie between the latter 
number and 4, so that it would closely approximate the limit of 
stability. If, then, it were possible to exclude the viscidity also, 
the new decrease which the proportion would then experience, 
would very probably bring the latter to the very limit in ques- 
tion, or at least to a value differing but exceedingly little from it. 
Thus, on the one hand, the least value of the proportion, that 
corresponding to the complete absence of resistances, would not 
differ, or scarcely so, from the limit of stability ; and on the other 
hand, under the influence of viscidity alone, the proportion 
appertaining to the mercury would be but little removed from 
this least value. Hence it is evident that the influence of the 
viscidity of mercury is small, which is moreover explained by the 
well known feebleness of this same viscidity. 

We can now understand in the case of other but very slightly 
viscid liquids, such as water, alcohol, &c., where the viscidity is 
not able to form more than a minimum resistance, that this 
viscidity, notwithstanding the differences in the intensities of the 


658 PLATEAU ON THE PHZNOMENA OF A FREE LIQUID MASS 


configuring forces, will also exert only a feeble influence upon 
the proportion in question. Hence it results that in the absence 
of all external resistance, the values of this proportion respect- 
ively corresponding to the various very slightly viscid liquids, 
cannot be very far removed from the limit of stability; and as 
the smallest whole number above this is 4, we may in regard to 
these liquids adopt this number as representing the mean ap- 
proximative probable value of the proportion in question. 

Starting from this value, calculation gives us the number 1°82 
as the proportion of the diameter of the isolated spheres which 
result from the transformation to the diameter of the cylinder, 
and the number 2°18 for the proportion between the distance of 
two adjacent spheres and this diameter. 

61. There is another consequence arising from our discussion. 
For the sake of simplicity, let the diameter of the cylinder be 
taken as unity. The proportion of the normal length of the di- 
vision to the diameter will then express this normal length itself, 
and the proportion constituting the limit of stability will express 
the length corresponding to this limit. This admitted, let us 
resume the conclusion at which we arrived at the commence- 
ment of the preceding section, which conclusion we shall 
consequently express here by stating that in the case of all 
liquids the normal length of the divisions always exceeds the 
limit of stability; we must recollect in the second place, that 
the sum of the lengths of one constriction and one dilatation is 
equal to that of a division ($57); and thirdly, at the first mo- 
ment of the transformation, the length of one constriction is 
equal to that of a dilatation ($ 46). Now, it follows from all these 
propositions, that when the transformation of a cylinder begins 
to take place, the length of a single portion, whether constricted 
or dilated, is necessarily greater than half the limit of stability ; 
consequently the sum of the lengths of three contiguous por- 
tions, for instance two dilatations and the intermediate constric- 
tion, is once and a half greater than this same limit. Hence, 
lastly, if the distance of the solid bases is comprised between 
once and once and a half the limit of stability, it is impossible 
for the limit of stability to give rise to three portions, and it will 
consequently only be able to produce a single dilatation in juxta- 
position with a single constriction. This, in fact, as we have 
seen, always took place in regard to the cylinder in § 46, which 
was evidently in the above condition, and the want of sym- 
metry in its transformation now becomes explicable. 


—— 
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62. As stated at the conclusion of § 48, we have yet to de- 
scribe a remarkable fact which always accompanies the end of 
the phenomenon of the transformation of a liquid cylinder into 
isolated masses. 

In the transformation of large cylinders of oil, whether im- 
perfect or exact (§ 44 to 46), when the constricted part is con- 
siderably narrowed, and the separation seems on the point of 
occurring, the two masses are seen to flow back rapidly towards 
the rings or the discs; but they leave between them a cylindri- 
cal line which still establishes, for a very short time, the con- 
tinuity of the one with the other (tig. 28); this line then resolves 
itself into partial masses. It generally divides into three parts, 
the two extreme ones of which become lost in the two large 

-masses, the intermediate one forming a spherule, some millime- 
tres in diameter, which remains isolated in the middle of the in- 
terval which separates the large masses; moreover, in each of 
the intervals between this spherule and the two large masses, 
another very much smaller spherule is seen, which indicates that 
the separation of the parts of the above line is also effected by 
attenuated lines; fig. 29 (Pl. VIII.) represents this ultimate state 
of the liquid system. The same effects are produced when the 
resolution of the thin and elongated cylinder of oil of § 47 into 
spheres occurs ; only there is in one or the other of the intervals 
between the spheres frequently a larger number of spherules ;' 
and besides, the formation of the principal line is less easily ob- 
served, in consequence of the more rapid progress of the phe- 
nomena. Lastly, in the case of our cylinders of mercury, the 
resolution into spheres takes place also in too short a time to 
allow of our perceiving the formation of the lines ; but we always 
find, in several of the intervals between the spheres, one or two 
very minute spherules, whence we may conclude that the separa- 
tion is effected in the same manner*. 


* We cannot avoid recognizing an analogy between the phenomenon of the 
formation of liquid lines, and that of the formation of laminz. In fact, in the 
experiment in § 23, for instance, the plane layer begins to be formed when the 
two opposite concave surfaces are almost in contact with each other at their 
summits; and in the resolution of a cylinder into spheres, the formation of the 
lines commences when all the meridional sections of the figure almost touch 
each other by the summits of their concave portions. 

When treating of the layers, we have considered their formation as indi- 
cating a kind of tendency towards a particular state of equilibrium, which 
results from the circumstance that in the case of the thin part of the liquid 
gam the ordinary law of pressures is modified. For the analogy between 
the two orders of phzenomena to be complete, it would therefore be necessary 
that excessively delicate liquid lines should connect thick masses, and should 
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As we are now acquainted with the entire course which the 
transformation of a liquid cylinder into isolated spheres must 
take, we can represent it graphically; fig. 30 represents the 
successive forms through which the liquid figure passes, com- 
mencing with the cylinder up to the system of isolated spheres 


thus form with these masses a system in equilibrio, notwithstanding the in- 
compatibility of this equilibrium with the ordinary law of pressures. Now we 
shall show that this equilibrium is in reality possible, at least theoretically. 
Let us always take as example, the resolution of our unstable cylinder into 
partial masses. When the cylindrical lines form, their diameter is even 
then very small in comparison with the dimensions of the thick masses, con- 
sequently their curvature in the direction perpendicular to the axis is very 
great in comparison with the curvature of these masses. The pressure corre- 
sponding to the lines is then originally much greater than those corresponding 
to the thick masses, whence it follows that the liquid must be driven from the 
interior of the lines towards these same masses, and that the lines, like the 
layers, ought to continue diminishing. Moreover, their curvatures, and con- 
sequently their pressure augmenting in proportion as they become more atte- 
nuated, their tendency to diminish in thickness will go on increasing, and con- 
sequently if we disregard the instability of the cylindrical form, we see that 
they must become of an excessive tenuity. But I say that the augmentation of 
the pressure will have a limit, beyond which this pressure will progressively 
diminish, so that it may become equal to that which corresponds to the thick 
parts of the liquid system. 

In fact, without having recourse to theoretical developments, it is readily 
seen that if the diameter of the line becomes less than that of the sphere of the 
sensible activity of the molecular attraction, the law of the pressure must be- 
come modified, and the diameter continuing to decrease, the pressure must 
finish by also progressively diminishing, notwithstanding the increase of the 
curvatures, in consequence of the diminution in the number of attracting mole- 
cules. Hence the pressure may diminish indefinitely; for it is clear that it 
would entirely vanish if the diameter of the line became reduced to the thick- 
ness of a single molecule. Those geometricians who study the theory of capil- 
lary action know, that the formule of this theory cease to be applicable in the 
case of very great curvatures, or those the radii of which are comparable to that 
of molecular attraction. Now it follows from what has been stated, that we may 
always suppose the thinness of the line to be such that the corresponding pres- 
sure may be equal to that existing in thick masses which have attained a state 
of equilibrium. In this case, admitting that the lines are mathematically re- 
gular, so that the pressure there may be everywhere rigorously the same, con- 
sequently that they have no tendency to resolve themselves into small partial 
masses, equilibrium will necessarily exist in the system. In this case, the form 
of the thick masses will not be mathematically spherical ; for their surface must 
become slightly raised at the junctures with the lines, by presenting concave 
‘curvatures in the meridional direction. This form will be the same as that of 
an isolated mass, traversed diametrically by an excessively minute solid line 
(§ 10). This system, like those into the composition of which layers enter, is 
composed of surfaces of a different nature; but this heterogeneity of form be- 
comes possible here, as in the case of the layers, in consequence of the change 
which the law-of pressures undergoes in passing from one to another kind of 
surface. 

We can moreover understand, that the equilibrium in question, although 
possible theoretically, as we have shown, can never be realized, in consequence 
of the cylindrical form of the lines. The same does not apply to the case of the 
plane layers; for as we shall show in the following series, the plane surfaces 
are always surfaces of stable equilibrium, whatever may be their extent. 
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and of spherules. This figure refers to the case of a very slightly 
viscid liquid, such as water, alcohol, &c., and where the convex 
surface of the cylinder is perfectly free ; consequently, in accord- 
ance with the probable conclusion with which § 60 terminates, 
the proportion of the length of the divisions to the diameter has 
been taken as equal to 4. 

The phenomenon of the formation of lines and their resolu- 
tion into spherules is not confined to the case of the rupture of 
the equilibrium of liquid cylinders ; it is always manifested when 
one of our liquid masses, whatever may be its figure, is divided 
into partial masses ; this is the manner in which, for instance, in 
§ 29 of the preceding memoir, the minute masses which were 
then compared to satellites are formed*. The phenomenon 
under consideration is also produced when liquids are submitted 
to the free action of gravity, although it is then less easily shown. 
For instance, if the rounded end of a glass rod be dipped in 
zther, and then withdrawn carefully in a perpendicular direction, 
at the instant at which the small quantity of liquid remaining 
adherent to the rod separates from the mass, an extremely mi- 
nute spherule is seen to roll upon the surface of the latter. 
Lastly, the phenomenon in question is of the same nature as that 
which occurs when very viscid bodies are drawn into threads, as 
glass softened by heat ; except that in this case the great viscidity 
of the substance, and moreover the action of cold, which soli- 
difies the thread formed, maintains the cylindrical form of the 
latter and allows of its acquiring an indefinite length. 

63. To complete the study of the transformation of liquid 
cylinders into isolated spheres, it still remains for us to discover 
the law according to which the duration of the phenomenon 
varies with the diameter of the cylinder, and to endeavour to 
obtain at least some indications relative to the absolute value of 
this duration in the case of a cylinder of a given diameter, com- 
posed of a given liquid, and placed in given circumstances. 

We can understand @ priori, that when the liquid and the ex- 
ternal circumstances are the same, and supposing the length of 
the cylinder to be always such that the divisions assume exactly 
their normal length (§ 53), the duration of the phenomenon must 
increase with the diameter ; for the greater this is, the greater is 


* Itis clear that this mode of formation is entirely foreign to La Place’s cos- 
mogonic hypothesis; therefore, we have had no idea of deducing from this little 
experiment, which only refers to the effects of molecular attraction, and not to 
those of gravitation, any argument in favour of the hypothesis in question; an 
hypothesis which, in other respects, we do not adopt. 
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the mass of each of the divisions, and, on the other hand, the 
less the curvatures upon which the intensities of the configuring 
forces depend. It is true that the surface of each of the divisions 
increases also with the diameter of the cylinder, consequently it 
is the same with the number of the elementary configuring forces ; 
but this augmentation takes place in a less proportion than that 
of the mass ; this we shall proceed to show more distinctly. Under 
the above conditions, two cylinders, the diameters of which are 
different, will become divided in the same manner, i. e. the 
proportion of the length of a division to the diameter will be the 
same in both parts (§ 55). Now it may be considered as evident 
that the similitude in figure will be maintained in all the phases 
of the transformation ; this is moreover confirmed by experiment, 
as we shall soon see. Hence it follows at each homologous 
instant of the transformations of the two cylinders, the respective 
surfaces of the divisions will always be to each other as the 
squares of the diameters of these cylinders, whilst the masses, 
which evidently remain invariable throughout the entire duration 
of the phenomena, will always be to each other as the cubes 
of these diameters. Thus, at each homologous instant of the 
respective transformations, the extent of the superficial layer of 
a division, consequently the number of the configuring forces 
which emanate from each of the elements of this layer, change 
from one figure to the other only in the proportion of the 
squares of the primitive diameters of these figures; whilst the 
mass of a division, all the parts of which mass receive, under the 
action of the forces in question, the movements constituting the 
transformation, changes in the proportion of the cubes of these 
diameters. As regards the intensities of the configuring forces, 
we must remember first that the measure of that which corre- 
sponds to one element of the superficial layer has (§ 59) for its 


expression > (ze + R): This granted, if, at an homologous 


instant in the transformations of the two figures, we take upon 
one of the divisions of each of the latter any point similarly 
placed, it is clear from the similitude of these figures, that the 
principal radii of curvature corresponding to the point taken 
upon the second, will be to those corresponding to the point 
taken upon the first, in the proportion of the diameters of the 
original cylinders ; so that if this proportion be x, and the radii 
relating to the point of the first figure be R and R’, those be- 
longing to the point of the second will be »R and »R'; whence 
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it follows that the measure of the two configuring forces corre- 
, , i ; ; A 

sponding to these points will be respectively = (es +7) , and 


alan +4)=+ 4 —. aa Rt +q): Thus, in passing from the 
first to the second is the intensities of the elementary con- 
figuring forces in all the phases of the transformation will be to 
each other in the inverse proportion of the diameters of the 
cylinders. 

I have convinced myself, by means of cylinders of mercury 
1:05 millim. and 2-1 millims. in diameter (§ 54 and 55), that the 
duration of the phenomenon increases, in fact, with the diameter ; 
although the transformation of these cylinders is effected very 
rapidly, yet we have no difficulty in recognising that the dura- 
tion relating to the greater diameter is greater than that which 
refers to the least. 

64. As regards the law which governs this increase in the 
duration, it would undoubtedly be almost impossible to arrive at 
its experimental determination in a direct manner, i. e. by mea- 
suring the times which the accomplishment of the phenomenon 
would require in the case of two cylinders of sufficient length to 
allow of their being respectively converted into several complete 
isolated spherules, and of their satisfying the conditions indi- 
cated at the commencement of the preceding section. In fact I 
can hardly see any method of realizing such cylinders without 
giving them very minute diameters, like those of our cylinders 
of mercury, and then their duration is too short to allow of our 
obtaining the proportion with sufficient exactness. 

But we may be able to arrive at the same result, but with cer- 
tain restrictions, which we shali mention presently, by means of 
two short cylinders of oil formed between two discs (§ 46); there 
is nothing to prevent these cylinders from being obtained of such 
diameters as to render the exact measure of the durations easy. 
In the transformation of a cylinder of this kind, only a single 
constriction and a single dilatation are produced; but as in the 
transformation of cylinders which are sufficiently long to furnish 
several complete isolated spheres, the phases through which the 
constrictions and the dilatations pass are the same for all, we 
need only consider one constriction and one dilatation. Wecan 
understand that the relative dimensions of the two solid systems 
ought to be such, that the relation between the distance of the 
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discs and their diameters is the same in both parts, in order 
that similitude may exist between the two liquid figures, at their 
origin and at each homologous instant of their transformations. 

Before giving an account of the employment of these figures 
of oil for the determination of the law of the durations, we 
shall take this opportunity of making several important re- 
marks. We shall only require to make use of the law in ques- 
tion, in that case, which in other respects is the most simple, 
where the cylinders are formed im vacuo or in air, and are 
free from all external resistance, or, in other words, free upon 
the whole of their convex surface. Now our short cylinders of 
oil are formed in the alcoholic liquid, and it might be asked 
whether this circumstance does not exert some influence upon 
the proportion of the durations corresponding to a given pro- 
portion between the diameters of these cylinders. At first, a 
greater or less portion of the alcoholic liquid must be displaced 
by the modifications of the figures, so that the total mass to be 
moved in a transformation is composed of the mass of oil and 
this portion of the alcoholic liquid ; but it is clear that in virtue 
of the similitude of the two figures of oil and that of their move- 
ments, the quantities of surrounding liquid respectively displaced 
will be to each other exactly, or at least apparently, as the two 
masses of oil ; so that the relation of the two entire masses will 
not be altered by this circumstance. Hence it is very probable 
that this circumstance will no longer exert any influence upon 
the proportion of the durations, except that the absolute values 
of these durations will be greater. On the other hand, the 
mutual attraction of the two liquids in contact diminishes the 
intensities of the pressures (§ 8), and consequently the con- 
figuring forces ; but it is easy to see that this diminution does 
not alter the relation of these intensities in the two figures. 
For let us imagine that at an homologous instant of the two 
transformations the alcoholic liquid becomes sudden'y replaced 
by the oil, and let us conceive in the latter the surfaces of the 
two figures as they were at that instant. The configuring forces 
will then be completely destroyed by the attraction of the oil 
outside these surfaces, or, in other words, the external attraction 
will be at each point equal and opposite to the internal configu- 
ring force. If we now replace the alcoholic liquid, the intensities 
of the external attractions will change, but they will evidently 
retain the same relations to each other; whence it follows that 
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those corresponding to two homologous points taken upon both 
the figures will still be to each other as the configuring forces 
commencing at these points; so that in fact the respective re- 
sultants of the external and internal actions at these two same 
points will be to each other in the same proportion as the two 
internal forces alone. Thus the attractions exerted upon the 
oil by the surrounding alcoholic liquid will certainly diminish 
the absolute intensities of the configuring forces, but they will 
not change the relations of these intensities, consequently they 
may be considered as not exerting any influence upon the dura- 
tions. But it is clear that this cause will nevertheless greatly 
increase the absolute values of the latter. For the two reasons 
which we have explained, the presence of the alcoholic liquid 
will then increase the absolute values of the two durations to a 
considerable extent ; but we may admit that it will not alter the 
relation of these values, so that this proportion will be the same 
whether the phenomenon take place in vacuo or in air. We 
shall therefore consider the law which we deduce from our experi- 
ments upon short cylinders of oil, as independent of the presence 
of the surrounding alcoholic liquid, and this will be found to be 
supported by the nature of the law itself. 

But the exact formation of our short cylinders of oil requires 
(§ 46) that in these cylinders the proportion between the length 
and the diameter, or what comes to the same thing, between the 
sum of the lengths of the constriction and the dilatation and 
the diameter, exceeds but little the limit of stability. Now in 
the transformation of cylinders sufficiently long to furnish 
several spheres, which would be formed in vacuo or in the air, 
and free upon their entire convex surface, and the divisions of 
which have their normal length, the proportion of the sums of the 
lengths of one constriction and one dilatation to the diameter, 
which proportion is the same as that of the length of one divi- 
sion to the diameter, would vary with the nature of the liquid 
(§ 59), and we are ignorant whether the law of the durations is 
independent of the value of this proportion, The law which we 
shall obtain in regard to short cylinders of oil can only therefore 
be legitimately applied to cylinders of sufficient length to furnish 
several spheres supposed to be in the above conditions, in the 
case where these latter cylinders are formed of such a liquid that 
they would give for the proportion in question a value but little 
greater than that of the limit of stability, 

Now this is the case of mercury (§ 60), and it is also very 
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probably that of all other very slightly viscid liquids (§ 60). 
Thus the law given by the short cylinders of oil will be exactly 
or apparently that which would apply to cylinders of mercury of 
sufficient length to furnish several spheres, supposing the latter 
to be produced in vacuo or in air, free at the whole of their 
convex surface, and of such length that the divisions in each of 
them would assume their normal length. Moreover, the same 
law would be undoubtedly applicable to cylinders formed of any 
other very slightly viscid liquid, and supposed to be in the same 
conditions as the preceding. 
’ The law may possibly be completely general, 7. e. it may 
apply to cylinders formed, always under the same circum- 
stances, of any liquid whatever; but our experiments do not 
furnish us with the elements necessary to decide this ques- 
tion. Lastly, the transformation of our short cylinders presents 
a peculiarity which entails another restriction. The two final 
masses into which a cylinder of this kind resolves itself being 
unequal, the smallest acquires its form of equilibrium consider- 
ably before the other, so that the duration of the phenomenon 
is not the same. Hence we can only determine its duration 
up to the moment of the rupture of the line; consequently the 
proportion which we thus obtain for both cylinders will only be 
that of the durations of two homologous portions of the entire 
transformations. Moreover, the proportion of these partial dura- 
tions is exactly that of which we shall have hereafter to make use. 
65. I made the experiments in question by employing two 
systems of discs, the respective dimensions of which were to 
each other as one to two; in the former, the diameter of the 
discs was 15 millims., and they were 54 millims. apart; and 
in the second their diameter was 30 millims., and their di- 
stance apart 108 millims. The cylinders formed respectively 
in these two systems were therefore alike, and, as I have pre- 
viously stated (§ 63), these two figures exactly maintained their 
similarity, as far as the eye was capable of judging, in all the 
phases of their transformations. It sometimes happened that 
the cylinder, when apparently well formed, was not at all per- 
sistent and immediately began to alter; this circumstance being 
attributable to some slight remaining irregularity in the figure, 
I immediately re-established the cylindrical form*, and the time 
was only taken into account when the figure appeared to main- 
tain this form for a few moments. Another anomaly then some- 
* See the second note to paragraph 46. 
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times presented itself, which consisted in the simultaneous for- 
mation of two constrictions with an intermediate dilatation ; 
this modification ceased when it had attained a very slightly 
marked degree, and the figure appeared to remain in the same 
state for a considerable period*; then one of the constrictions 
became gradually more marked, whilst the other disappeared, 
and the transformation afterwards went on in the usual manner. 
As this peculiarity constituted an exception to the regular 
course of the phenomenon, I ceased to reckon as soon as it 
showed itself, and I again re-established the cylindrical form. 
The estimation of the time was only definitively continued in those 
cases in which, after some persistence in the cylindrical form, a 
single constriction only was produced. 

I repeated the experiment upon each of the two cylinders 
twenty times, in order to obtain a mean result. As soon as one 
transformation was completed, I reunited the two masses to 
which it had given rise, and again formed the cylinder+, in order 
to proceed to a new measure of the time. 

The number of seconds are given below; each expresses the 
time which elapsed from the moment of the transformation of 
the cylinder to that of the rupture of the line. These periods 
were determined by means of a watch, which beat the }ths of a 
second. 


Cylinder — Cylinder 
15 millims. in diameter. 30 millims. in diameter. 
25-0 36°4 59°6 51°6 
26°6 32:0 73:0 68:0 
28:0 30°4 57:0 736 
30°0 24°6 61°0 61°8 
24°8 32°6 67°8 53°0 
35°2 33°8 60:0 58°0 
27°0 33°8 63°6 63°8 
30°0 20°2 54°2 60:0 
30°4 28°6 61:0 52°6 
29°8 32°6 52°6 55:2 
eee eee ee 
Mean 29!-59. Mean 60"'-38. 


* We shall see, in the following series, to what this singular modification in 
the figure is owing. 

+ This was effected by conducting the large mass towards the small one, by 
means of the ring of which I spoke in the first note to paragraph 46. But care 
must be taken to prevent the ring, on separating from the liquid figure, from 
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It is evident that the numbers relating to the same diameter 
do not differ sufficiently from each other to prevent our regard- 
ing the proportion of the two means as closely approximating 
to the true proportion of the durations. Now the proportion 
of these two means is 2°04, 7. e. almost exactly equal to that of 
the two diameters. Moreover, it is evident that in the case of 
each of the latter the greatest of the numbers obtained must cor- 
respond to that case where the cylinder is formed in the most 
perfect manner, consequently it is probable that the proportion 
of these two greatest numbers also closely approximates to the 
true proportion of the durations. Now, these two numbers are, 
on the one hand 36:4, and on the other 73:6, and their pro- 
portion is 2°02, which number differs still less from 2, or from 
the proportion of the diameters. 

We may therefore admit that the durations relating to these 
two cylinders are to each other as their diameters; whence 
we deduce this law, that the partial duration of the transfor- 
mation of a cylinder of the same kind is in proportion to its 
diameter. 

I have said (§ 64) that the law thus obtained would of itself 
furnish a new motive for believing that it would not change if 
our short cylinders of oil were produced in vacuo or in air. In 
fact the proportionality to the diameter is the simplest possible 
law ; and, on the other hand, the circumstances under which 
the phenomenon is produced are less simple in the case of the 
presence of the alcoholic liquid than they would be in that of its 
absence; consequently, if the law changed from the first to the 
second, it would follow that a simplification in the circumstances 
would on the contrary induce a complication of the law, which 
is not very probable. 

We may therefore, I think, legitimately generalize the above 
law in accordance with the whole of the remarks made in the 
preceding section, and deduce the following conclusions :— 

1. If we conceive a cylinder of mercury formed in vacuo or 
carrying away with it any perceptible quantity of oil ;~ for this purpose, instead 
of making the entire ring adhere to the great mass, I left a small portion of the 
latter free, and, as its action was then insufficient to make the large mass reach 
the other, I aided it by gently pushing the oil with the extremity of the point 
of the syringe. On withdrawing the ring after the reunion of the two masses, 
only a very small spherule of oil separated from it in the alcoholic liquid, which 
in the next experiment I again united to the rest of the oil by means of the ring 


itself, as also the largest of the spherules arising from the transformation of the 
line. 
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in air, of sufficient length to furnish several spheres, its convex 
surface being entirely free, and its length such that the divi- 
sions assume exactly their normal length, the time which will 
elapse from the origin of the transformation to the instant of the 
rupture of the lines will be exactly or apparently proportional 
to the diameter of this cylinder. 

2. The same very probably applies to a cylinder formed of 
any other very slightly viscid liquid, as water, alcohol, &c., and 
supposed to exist under the same circumstances. 

3. It is possible that this law is completely general, 7. e. ap- 
plicable to a cylinder formed, always under the same circum- 
stances, of any kind of liquid whatever ; but our experiments 
leave us in doubt on this point. 

66. Let us now enter upon the consideration of the absolute 
value of the time in question for a given diameter, the cylinder 
always being supposed to be produced in vacuo or in air, of suf- 
ficient length to furnish several spheres, its entire convex surface 
free, and its length such that its divisions assume their normal 
length. It is clear that this absolute value must vary according 
to the nature of the liquid; for it evidently depends upon the 
density of the latter, upon the intensity of its configuring forces, 
and lastly upon its viscidity. The experiments which we have 
detailed give with regard to oil a very remote superior limit; 
this results, first, from the two causes which we have men- 
tioned in § 64, and which are due to the presence of the alco- 
holic liquid; but with these two causes is connected a third, 
which we must make known. If we imagine a cylinder of oil 
formed under the above conditions, the sum of the lengths of 
a constriction and a dilatation will necessarily be much greater 
in regard to this cylinder than in regard to one of our short 
cylinders of oil of the same diameter; for in the former this 
sum is equivalent to the length of a division ; and in consequence 
of the great viscidity of the oil, this latter quantity must greatly 
exceed the length corresponding to the limit of stability. Now, 
it may be laid down as a principle, that, all other things being 
equal, an increase in the sum of the lengths of a constriction 
and a dilatation tends to render the transformation more rapid, 
and consequently to abbreviate the total and partial durations of 


the phenomenon. In fact, for a given diameter, the more the sum 


in question differs from the length corresponding to the limit of 
stability, the more the forces which produce the transformation 
VOL, V. PART XXI. . 22 
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must act with energy; moreover, as the transformation ceases 
to take place immediately above the limit of stability, the dura- 
tion of the phenomenon may then be considered as infinite, 
whence it follows that when this limit is exceeded, the duration 
passes from an infinite to a finite value, consequently it must 
decrease rapidly as it deviates from this limit; lastly, this is 
also confirmed by the results of observation, as we shall show 
hereafter. Thus, even if it were possible to form im vacuo or in 
air one of our very short cylinders of oil, consequently to elimi- 
nate the two causes of retardation due to the presence of the 
alcoholic liquid, the duration relative to the cylinder would still 
exceed that which would relate to a cylinder of oil of the same 
diameter formed under the conditions we have supposed. 

I have said that the principle above established is confirmed 
by experiment, i. e. for the same diameter, the same liquid, and 
the same external actions, if any exist, when from any cause, the 
sum of the lengths of a constriction and a dilatation augments, 
the total and partial durations of the transformation become less. 
We shall proceed to make this evident. In the experiments of 
the preceding section, the partial duration relating to the cylinder, 
the diameter of which was 15 millims., was for instance about 
30 seconds, the mean, as shown by the table. Consequently, if 
we were to form in the alcoholic liquid a similar cylinder of oil, 
the diameter of which is 4 millims., the partial duration of this, 
in virtue of the law which we have found, would be nearly equal 
30! x4). 

LBHfj005 7 
§ 47, which figure is also formed in the alcoholic liquid, the mean 
diameter was (56) about 4 millims. In this and the preceding 
fizure, the diameter, the liquid and the external actions then are 
the same; but in the former, the sum of the lengths of the con- 
striction and the dilatation would only be equal to 4 millims. 
x 3°6=14:'4 millims., whilst in the second, this sum, which is 
equivalent to the length of a division, was (§ 56) approximatively 
66°7 millims.; now on observing this latter figure, we recognise 
easily that the duration of its transformation is much less than 
8". In truth, from the nature of the experiment, it is impos- 
sible with regard to this same figure, to fix upon the commence- 
ment of the formation of a given constriction or dilatation, so 
that the complete duration should considerably exceed that which 
would b deduced by the simple inspection of the phenomenon ; 


to 8", Now, in the nearly cylindrical figure of oil of 
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but the latter does not amount to one second, and there cannot 
be any doubt that it would be going too far to extend the com- 
plete duration, and @ fortiori, the portion which terminates at the 
rupture of the lines, to two seconds. Thus in the case we have 
just considered, the sum of the length of a constriction and a 
dilatation becoming about four and a half times greater, the 
partial duration becomes at least four times less. 

67. But if, in reckoning the absolute duration in the case of 
one of our short cylinders of oil, we only obtain with regard to 
this liquid one upper limit, and this much too high, the cylinder 
of mercury in § 55 (which cylinder is formed in the air, and the 
length of which in proportion to the diameter is sufficient for the 
divisions to have assumed exactly, or very nearly, their normal 
length), will furnish us, on the contrary, in regard to this latter 
liquid, with a limit which is probably more approximative and 
which will be very useful to us. 

_ First, in the case of this cylinder, the diameter of which, as 
we have said, was 2:1 millims., the transformation does not take 
place in a sufficiently short time for us to estimate with any ex- 
actitude the total duration of the phenomenon; I say the total 
duration, because in so rapid a transformation it would be very 
difficult to determine the instant at which the rupture of the lines 
occurs. To approximate as closely as possible to the value of 
this total duration, I have had recourse to the following process. 

By successive trials, I regulated the beats of a metronome 
in such a manner, that on rapidly raising, at the exact instant at 
which a beat occurs, the system of glass strips belonging to 
the apparatus serving to form the cylinder ($ 50 and 51), the suc- 
ceeding beat appeared to me to coincide with the termination 


_ of the transformation ; then having satisfied myself several times 


that this coincidence appeared very exact, I determined the 
duration of the interval between two beats, by counting the 
oscillations made by the instrument during two minutes, and 
dividing this time by the number of oscillations. I thus found 


_ the value 0-39 for the interval in question. The total duration 


of the transformation of our cylinder of mercury may therefore 
be valued approximatively at 0-39, or more simply, at 0!"4. 
But the entire convex surface of this cylinder is not free, and 
its contact with the plate of glass must exert an influence upon 
its duration, both directly as well as by the increase which it 
22z2 
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produces in the length of the divisions. Let us examine the 
influence in question under this double point of view. 

The direct action of the contact with the plate is undoubtedly 
very slight ; for as soon as the transformation commences, the 
liquid must detach itself from the glass at all the intervals be- 
tween the dilated parts, so as only to touch the solid plane bya 
series of very minute surfaces belonging to these dilated parts ; 
consequently, if the direct action of the contact of the plate were 
alone eliminated, 2. e. if we could manage so that the entire con- 
vex surface of the cylinder should be free, but that the divisions 
formed in it should acquire the same length as before, the total 
duration would scarcely be at all diminished. 

There still remains the effect of the elongation of the divisions. 
The length of the divisions of our cylinder is equal to 6-35 times 
the diameter (§ 56), whilst, according to the hypothesis of the 
complete freedom of the convex surface, this length would very 
probably be less than four times the diameter (§ 60) ; now in virtue 
of the principle established in the preceding section, this in- 
crease in the length of the divisions necessarily entails a dimi- 
nution in the duration, which diminution is more considerable 
in proportion as it occurs in the vicinity of the limit of stability ; 
consequently, if it could be managed so that the elongation in 
question should not exist, the total duration would be very consi- 
derably increased. Thus the suppression of the direct action of 
the contact of the plate would only produce a very slight dimi- 
nution of the total duration ; and the annihilation of the elonga- 
tion of the divisions would produce, on the other hand, a very 
considerable increase in this same duration; if then these two 
influences were simultaneously eliminated, or in other words, if 
the entire convex surface of our cylinder were free, the total du- 
ration of our transformation would be very considerably greater 
than the direct result of observation. 

Now the quantity which we have to consider, is the partial 
and not the total duration; but under the same circumstances, 
the first must be but little less than the second; for when the 
lines are about to break, the masses between which they extend 
even then approximate to the spherical form ; consequently, in 
accordance with the conclusion obtained above, we must admit 
that the partial duration under our present consideration, i. e. 
that referring to the case of the complete freedom of the convex 
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surface of the cylinder, would still exceed considerably the total 
duration observed, 7. e. O!*4. 

In starting from this value 0-4 as constituting the lower limit 
corresponding to a diameter of 2°1 millims., the law of the pro- 
portionality of the partial duration to the diameter will imme- 
diately give the lower limit corresponding to any other diameter ; 
we shall find, e. g. that for 6 millimetres this limit would be 
04 x 10 

2°1 

If, then, we imagine a cylinder of mercury a centimetre in dia- 
meter, formed in vacuo or in air, of sufficient length to furnish 
several spheres, entirely free at its convex surface, and of such a 
length that its divisions assume their normal length, the time 
which will elapse from the origin of the transformation of this 
cylinder to the instant of the rupture of the lines will consider- 
ably exceed two seconds. 

68. It will not be superfluous to present here a resumé of 
the facts and laws which the experiments we have described 
have led us to establish with respect to unstable liquid cylinders. 

1. When a liquid cylinder is formed between two solid bases, 
if the proportion of its length to its diameter exceeds a certain 
limit, the exact value of which is comprised between 3 and 3°6, 
the cylinder constitutes an unstable figure of equilibrium. 

The exact value in question is that which we denominate the 
limit of stability of the cylinders. 

2. If the length of the cylinder is considerable in proportion to 
its diameter, it becomes spontaneously converted, by the rupture 
of equilibrium, into a series of isolated spheres, of equal dia- 
meter, equally distant, having their centres upon the right line 
forming the axis of the cylinder, and in the intervals of which, 
in the direction of this axis, spherules of different diameters 
are placed; except that each of the solid bases retains a portion 
of a sphere adherent to its surface. 

3. The course of the phenomenon is as follows :—The cylinder 
at first gradually swells at those portions of its length which are 


=1"-9, or more simply 2”. 


‘situated at equal distances from each other, whilst it becomes 


thinner at the intermediate portions, and the length of the dila- 
tations thus formed is equal, or nearly so, to that of the constric- 
tions; these modifications become gradually more marked, en- 
‘suing with accelerated rapidity, until the middle of the constric- 
tions has become very thin; then, commencing at the middle, 
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the liquid rapidly retires in both directions, still however leaving 
the masses united two and two by an apparently cylindrical line ; 
the latter then experiences the same modifications as the cylinder; 
except that there are in general only two constrictions formed, 
which consequently include a dilatation between them; each of 
these little constrictions becomes in its turn converted into a 
thinner line, which breaks at two points and gives rise to a very 
minute isolated spherule, whilst the above dilatation becomes 
transformed into a larger spherule; lastly, after the rupture of 
the latter lines, the large masses assume completely the spherical 
form. All these phenomena occur symmetrically as regards 
the axis, so that, throughout their duration, the figure is always 
a figure of revolution. 

4. We denominate divisions of a liquid cylinder, those por- 
tions of the cylinder, each of which must furnish a sphere, 
whether we conceive these portions to exist in the cylinder itself, 
before they have begun to be apparent, or whether we take them 
during the transformation, i. e. whilst each of them is becoming 
modified so as to arrive at the spherical form. The length of 
a division consequently measures the constant distance which, 
during the transformation, is included between the necks of two 
adjacent constrictions. 

Moreover, by normal length of the divisions, we denominate 
that which the divisions would assume, if the length of the 
cylinder to which they belong were infinite. 

In the case of a cylinder which is limited by solid bases, the 
divisions also assume the normal length when the length of 
the cylinder is equal to the product of this normal length by 
a whole number, or rather a whole number and a half. Then, 
if the second factor is a whole number, the transformation be- 
comes disposed in such a manner that during its accomplish- 
ment the figure terminates on one side with a constriction, 
and on the other with a dilatation ; if the second factor is com- 
posed of a whole number and a half, the figure terminates on 
each side in a dilatation. When the length of the cylinder ful- 
fills neither of these conditions, the divisions assume that length 
which approximates the most closely possible to the normal 
length, and the transformation adopts that of the two above dis- 
positions which is most suitable for the attainment of this end. 

5. In the case of a cylinder of a given diameter, the normal 
length of the divisions varies with the nature of the liquid, and 
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with certain external circumstances, such as the presence of a 
surrounding liquid, or the contact of the convex surface of the 
cylinder with a solid plane. In all the subsequent statements, 
we shall take the simplest case, i. e. that of the absence of ex- 
ternal circumstances ; in other words, we shall always suppose 
that the cylinders are produced in vacuo or in air, and that they 
are free as regards their entire convex surface. 

6. Two cylinders of different diameters, but formed in the 
same liquid, and the lengths of which are such that the divisions 
assume in each of them their normal length, become subdivided 
in the same manner, i. e. the respective normal lengths of the 
divisions are to each other as the diameters of these cylinders. 
In other words, when the nature of the liquid does not change, 
the normal length of the divisions of a cylinder is proportional 
to the diameter of the latter. 

The same consequently applies to the diameter of the isolated 


spheres into which the normal divisions become converted, and 


to the length of the intervals which separate these spheres. 

7. The proportion of the normal length of the divisions to the 
diameter of the cylinder always exceeds the limit of stability. 

8. This proportion is greater as the liquid is more viscid and 
as the configuring forces in it are weaker. 

9. In the case of a cylinder of mercury, this proportion is 
much less than 6, and we may admit that it is less than 4. 

In the case of a cylinder composed of any other very slightly 
viscid liquid, such as water, alcohol, &c., it is very probable that 
the proportion in question is very nearly 4. Hence, in the case 
of the latter liquids, we have for the probable approximative 
value of the proportion of the diameter of the isolated spheres 
resulting from the transformation and the diameter of the cylin- 


der, the number 1°82; and for that of the proportion of the 


distance of two adjacent spheres to this same diameter, the 
number 2°18. 

10. If mercury is the liquid, and the divisions have their nor- 
mal length, the time which elapses between the origin of the 
transformation and the instant of the rupture of the lines, is 
exactly or apparently proportional to the diameter of the 
cylinder. 

This law very probably applies also to each of the other very 
slightly viscid liquids. 

This same law may possibly be general, 7. e.it may be appli- 


676 PLATEAU ON THE PHZ NOMENA OF A FREE LIQUID MASS 


cable to all liquids ; but our experiments leave this point uncer- 
tain. ; 

11. For the same diameter, and when the divisions are always 
of their normal length, the absolute value of the time in question 
varies with the nature of the liquid. 

12. In the case of mercury, and with a diameter of a centi- 
metre, this absolute value is considerably more than two seconds. 

13. When a cylinder is formed between two solid bases suffi- 
ciently approximated for the proportion of the normal length of 
the cylinder to the diameter to be comprised between once and 
once anda half the limit of stability, the transformation gives 
only a single constriction and a single dilatation; we then ob- 
tain for the final result, only two portions of a sphere which are 
unequal in volume and curvature, respectively adherent to solid 
bases, besides interposed spherules. 


Application of the properties of liquid cylinders: theory of the 
constitution of liquid veins emitied from circular apertures. 

69. Let us now pass to the application which we have an- 
nounced of most of the above facts and laws. 

Let us consider a liquid vein flowing freely by the action of 
gravity from a circular orifice perforating the thin wall of the 
horizontal bottom of a vessel. The molecules of the liquid 
within the vessel, which flow from all sides towards the orifice, 
as we know, still retain, immediately after their exit, directions 
which are oblique to the plane of this orifice; whence there is 
produced a rapid constriction of the vein, commencing at the 
orifice and extending as far as a horizontal section, which has 
been improperly denominated the contracted section. When 
the molecules have arrived at this section, which is very near 
the orifice, they all tend to assume a common vertical direction, 
with a velocity corresponding to the height of the liquid in the 
vessel; and they are, moreover, urged in this direction by their 
individual gravity. Hence, supposing the orifice to be circular, 
the vein commencing at the contracted section tends to form an 
almost perfect cylinder, of any length; but this form is modified, 
as we now know, by the acceleration which gravity imparts to 
the velocity of the liquid, and the diameter of the vein, instead 
of being everywhere the same, decreases more or less in propor- 
tion as we recede from the contracted section. 

If the causes which we have detailed were alone in action, the 
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vein would appear simply more and more attenuated in pro- 
portion as it is considered more distant from the contracted 
section, without losing either its limpidity or its continuity. 
But it results from our experiments, that a liquid figure of 
this kind, the form of which approximates to that of a very 
elongated cylinder, must become transformed into a series of 
isolated spheres, the centres of which are arranged upon the 
axis of the figure. In fact, we have here a liquid submitted 
to the action of gravity; but it is evident that during the free 
descent of a liquid, gravity no longer presents any obstacle 
to the play of the molecular attractions, and that the latter 
must then exert the same configuring actions upon the mass 
as if this mass were free from gravity and in a state of rest; 
this is the manner in which, for instance, drops of rain, during 
their fall, acquire the spherical form. But, for the preceding 
conclusion to be perfectly rigorous, it would be requisite for all 
parts of the mass to be actuated by the same velocity, which 
is not the case with the vein; we can, however, understand, 
that, although this difference may be capable of producing 
some modifications in the phenomenon, it cannot prevent its 
production. 

The liquid of the vein, therefore, during its movement must 
necessarily gradually form a series of isolated spheres. But as 
this liquid is constantly being renewed, the phznomenon of 
transformation must also continue to be renewed. In the second 


__ place, as each portion of the liquid begins to be subjected to the 


configuring forces as soon as it forms a part of the imperfect 
cylinder which the vein tends to form, i. e. from the moment at 
which it passes the contracted section, and subsequently remains 
during its course under the continued action of these forces, it 
is evident that each of the divisions of the vein must begin to be 
formed at the contracted section and to descend, conveyed by 
the movement of transference of the liquid, modifying itself by 
degrees so as to arrive at the state of an isolated sphere. Hence 
it follows, that at any given instant the divisions of the vein 


must exist in a more advanced phase of transformation in pro- 


portion as they are considered at a greater distance from the 


contracted section, at least as far as that at which the transfor- 


mation into spheres is completely effected. From the orifice to 
the distance where the separation of the masses occurs, the vein 
Must evidently be continuous; but at a greater distance, the 
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portions of liquid which pass must be isolated from each 
other. 

If, then, the movements of the liquid, both that of translation 
and that of transformation, were sufficiently slow to allow of our 
following them with our eyes, the vein would appear to be formed 
of two distinct parts, the one superior and continuous, the other 
inferior and discontinuous. The surface of the former would 
present a series of dilatations and constrictions, which would 
descend with the liquid, becoming constantly renewed after 
passing the contracted section, and which, although very feebly 
indicated at their origin near this section, would become more 
and more marked during their movement of transference, the 
dilatations becoming more prominent and the constrictions nar- 
rower: these divisions of the vein arriving one after the other, 
in their greatest development, at the lower extremity of the con- 
tinuous part, would be seen to become detached from it, and 
immediately to complete their assumption of the spherical form. 
Moreover, the separation of each of these masses would neces- 
sarily be preceded by the formation of a line which would resolve 
itself into spherules of different diameters, so that each isolated 
sphere would be succeeded by similar spherules. The discon- 
tinuous part of the vein would then be seen to consist of isolated 
spheres of the same size and of unequal spherules arranged in 
the intervals of the former, both of them being conveyed by the 
movement of translation, and being unceasingly renewed at the 
extremity of the continuous part. 

Now Savart’s beautiful investigations* have taught us that 
this is, in fact, the real constitution of the vein; except that 
under ordinary circumstances an extraneous cause, which was 
also pointed out by Savart, more or less modifies the form of the 
divisions of the continuous part, and alters the sphericity of the 
isolated masses composing the discontinnous part; but Savart 
has given the means of excluding this influence, of which we 
shall speak hereafter. 

70. Now as the movement of transference is too rapid to allow 
of the phenomena which are produced in the vein being recog- 
nised by direct observation, certain peculiar appearances ought 
to be the result of this. We must remember here, that when a 
liquid cylinder becomes resolved into spheres, the rapidity with 
which the transformation takes place is accelerated, and conse- 

* Annales de Chimie et de Physique, Aovt 1833. 
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quently at the commencement is extremely small. In conse- 
quence then of this original minuteness and of the velocity of 
the movement of transference in the vein, the effects of the gra- 


dual transformation cannot begin to become obvious until a 


greater or less distance from the contracted section has been 
attained. Up to this distance the rapid passage of the dilata- 
tions and constrictions before the eye cannot give rise to any 
effect visible to the simple sight; so that this portion of the vein 
will appear in the form which it would affect if it had no tendency 
to become divided. Beyond this distance the dilatations will 
begin to acquire considerable development; the vein will appear 
to continue enlarging until another distance has been attained 
beyond which the diameter will appear constant. Such is, in 
fact, as the observations of Savart have shown, the form pre- 
sented to direct observation by a vein withdrawn from the in- 
fluence of any disturbing cause. 

Lastly, we know that from the orifice to the point at which it 
appears to begin to enlarge, the vein is seen to be limpid, whilst 


further on it appears more or less turbid; and Savart has per- 


fectly explained these two different aspects, as also some other 
curious appearances which the troubled part presents, by attri- 
buting the limpidity of the upper portion to the slight deve- 


lopment of dilatations and constrictions which are propagated 


in it; and the turbidity, as also the other appearances of the 
remainder of the vein, to the rapid passage before the eye, at 
first of the dilatations and constrictions which have become 
more marked, then lower down, of the isolated spheres and the 
interposed spherules. We must refer for the details to the 
memoir quoted above. 

71. But we may go further: two consequences spring directly 
from our explanation of the constitution of the vein. In the 
first place, as the divisions become transformed during their 
descent, it is clear that the space traversed by a division during 
the time it is effecting a given part of its transformation, will be 


_ as much greater as it descends more rapidly, or, in other words, 


as the charge, i.e. the height of the liquid in the vessel, is more 


considerable; whence it follows clearly, that, the orifice being 
_ the same, the length of the continuous part of the vein must in- 
_ erease with the charge. Now this has been confirmed by Savart’s 


_ observations. In the second place, since the transformation of 
a cylinder is slower in proportion to the size of its diameter, the 


680 PLATEAU ON THE PHZNOMENA OF A FREE LIQUID MASS 


time which a division of the vein will occupy in effecting any 
one and the same part of its transformation, will be as much longer 
as the vein is thicker; whence it follows, that if the rapidity of 
the flow does not change, the space which the division will tra- 
verse during this time will be as much greater as the diameter 
of the orifice is greater; consequently, for the same charge, the 
length of the continuous part must increase with the diameter of 
the orifice, and this is also verified by the observations detailed 
in the memoir quoted. 

With regard to the laws which regulate these variations in the 
length of the continuous part, Savart deduces from his observa- 
tions, which were made by employing veins of water, that for 
the same orifice this length is nearly proportional to the square 
root of the charge, and that for the same charge it is nearly in 
proportion to the diameter of the orifice. 

Let us now examine whether these two laws also emanate 
from our explanation. 

72. Imagine for a moment that gravity ceases to act upon the 
liquid as soon as the latter passes the contracted section. Then, 
commencing at this section, the rapidity of translation will sim- 
ply be that which is due to the charge, and the value of which, 
as we know, 18 /2gh, g denoting gravity and h the charge. 
This velocity will be uniform ; consequently, if the vein had no 
tendency to divide, it would remain exactly cylindrical through- 
out any extent (§ 69). Now all parts of the liquid being actu- 
ated by the same velocity of transference, this common move- 
ment cannot exert any influence upon the effect of the configuring 
actions; so that, for instance, the gradual modifications which 
each of the constrictions undergoes, and the time which it takes _ 
in their accomplishment, will be independent of the rapidity of — 
transference. 

This admitted, let us consider the infinitely thin section which — 
constitutes the neck of a constriction, at the moment at which 
it quits the contracted section. This section will descend with 
a constant velocity, and at the same time its diameter will con- 
tinually diminish until the constriction to which it belongs 
becomes transformed into a line, and then the section in ques- 
tion will occupy the middle of this line; the line will become 
disunited, to be converted into spherules. As we have shown — 
above, the time employed in the accomplishment of these pha- 
nomena, and during which the liquid section we have con- 
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sidered has traversed the distance comprised between the con- 
tracted section and the place which the middle of the line occu- 
pies at the precise instant of rupture, is independent of the velo- 
city of transference ; consequently, if the diameter of the orifice 
does not change, this time will be constant whatever may be the 
charge. Now when the movement is uniform, the space tra- 
versed during a determinate time being in proportion to the 
velocity, the above distance will be in proportion to “2gh, 
consequently to ”/%. As we shall frequently have occasion to 
make use of this distance, we shall represent it, for the sake of 
brevity, by D. 

Now it is easily understood that in our vein the length of 
the continuous part does not differ sensibly from the distance D. 
In fact, the continuous part terminates at the exact place at 
which, in each line, the most elevated of the points of rupture of 
the latter is produced; for at the instant at which the rupture 
takes place, the phases of transformation of all that portion which 
is above the unit in question are less advanced (§ 69), and there- 
fore it still possesses continuity, whilst all that below this point 
is necessarily already discontinuous. Thus, on the one hand, the 
continuous part of the vein commences at the orifice and termi- 
nates at the place at which the most elevated point of rupture 
of each filament is produced ; and, on the other hand, the distance 
D commences at the contracted section, and terminates at the 
point corresponding to the middle of the length of each of the 
lines at the instant of their rupture. The continuous part then 
takes its origin rather higher up, but also terminates a little 
above the distance D; the difference in the origins of these two 
magnitudes and that of their terminations must consequently 
partially compensate each other; and as these differences are both 
very minute, the excess of one over the other will @ fortiori be 
very small, so that the two magnitudes to which they refer may, 
as I have stated, be regarded, without any sensible error, as equal 
to each other*. In virtue of this equality, the length of the con- 
tinuous part of the vein which we are considering will then ap- 
parently follow the same law as the distance D, 7. e. it will be 
Very nearly proportional to /h. 

Thus in the imaginary case of uniform velocity of transference, 
we again recognise the first of the laws given by Savart. Now 
it is clear that in a real vein the velocity will deviate from 


* We shall recur to this point, and shall then establish it more clearly, 
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uniformity so much the less as the charge is greater; whence we 
may infer, that for sufficiently great charges, the length of the 
continuous part of the real vein must still exactly follow this 
law. We shall, moreover, demonstrate this in a rigorous manner. 

73. Let us then take the real case, 7. e. let us consider a vein 
submitted to the action of gravity, in which consequently the 
movement of transference is accelerated. Then the velocity 
possessed, after any time ¢, by a horizontal section of the liquid 
conveyed by the movement of transference, will have for its value 
/2gh+gt, the first term representing the portion of the velo- 
city due to the charge, the second the portion due to the action 
of gravity upon the vein, and ¢ being reckoned from the moment 
at which the liquid section passes the contracted section. It 
must be borne in mind, that in virtue of the acceleration of the 
velocity, the vein, if it did not become divided, would continue 
to become indefinitely thinner from above downwards (§ 69). 

This admitted, let us imagine that another vein of the same 
liquid, placed under the imaginary condition of the preceding 
paragraph, flows off with the same charge from another orifice of 
the same diameter, in the same time as the true vein in question. 
Let 6 denote the time occupied by this second vein in traversing 
the distance which we have denoted by D, i.e. that which is 
comprised between the instant at which the liquid section that 
constitutes the neck of a constriction passes to the contracted 
section, and the instant of the rupture of the line into which 
this constriction becomes transformed. In the expression of 
the velocity relative to the first vein, let ¢=0, which gives for 
this velocity, after the time 0, the value “2gh+g0; in other 
words, let us consider the velocity of a liquid section belonging 
to the true vein, after the time necessary for a section belonging 
to the imaginary vein to have traversed the distance D. Accord- 
ing to what we have seen in the preceding section, if the orifice 
remains the same, this time is constant whatever the charge 
may be; so that in the above expression the term g@ remains 
invariable when / is made to vary. Hence whatever may be the 
value of 8, we may suppose the charge / to be sufficiently large 
for the term 4/2gh to be very great in proportion to the term g@, 
and that the latter consequently may be neglected without any 
sensible error. In the case of a value of which will realize this 
condition, and @ fortiori in the case of all still greater values, 
the velocity of a section of the true vein during the time @ may 
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be regarded as constant, and equal to that of a section of the 
imaginary vein; so that throughout the entire space traversed 
by the first during this time commencing at the contracted 
section, the real vein, if it did not become divided, would pre- 
serve exactly the same diameter, and might be regarded as iden- 
tical with the imaginary vein, also assumed to be free from 
divisions. 

Now it necessarily follows from this approximative identity, 
that during the time @ the same will apparently occur in like 
manner in both veins; consequently the time @ will be very 
nearly that which, in the true vein, the liquid section corre- 
sponding to the neck of a constriction would employ in accom- 
plishing the modifications which we have considered, and the 
space which it will traverse during these modifications may be 
regarded as equal to the distance D relative to the imaginary 
vein. 

Now as the continuous part of the true vein terminates a little 
below this space, and is consequently included in the same por- 
tion of the vein, it follows from the above approximative identity, 
that this continuous part will be exactly equal in length to that 
of the imaginary vein, and therefore commencing with the least 
of the charges considered above, the lengths of the continuous 
parts of both veins must be very nearly governed by the same 
law. 

We arrive then, lastly, at this conclusion, that for aote same 

orifice, and commencing with a low but sufficient charge, the 
length of the ee part of the true vein must be in pro- 
portion to the square root of the charge. 
In accordance with the preceding devrovanrageen the low 
charge in question is that at which the movement of transference 
of the liquid begins to remain apparently uniform in all that 
portion jof the true vein which is comprised between the con- 
tracted ‘ection and the point occupied by the middle of each 
line at the instant of rupture; but as the extremity of the con- 
tinuous part is very little distant from this point ($ 72), we 
may neglect the small difference, and say simply that the low 
charge in question is that which begins to render the movement 
of transference of the liquid exactly uniform as far as the ex- 
tremity of the continuous part of the vein. 

Thus, under the condition of a low charge sufficient to pro- 
duce this approximative uniformity, which condition is always 
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realizable, the law indicated by Savart as establishing the rela- 
tion between the length of the continuous part and the charge, 
necessarily follows from the properties of liquid cylinders. To 
discover whether this law is also true when weaker charges are 
employed, we must start from other considerations; but it is 
evident so far, that if in the latter case the law is different, it 
must at least necessarily converge towards the proportionality in 
question, in proportion as the charge increases. 

We must remark here, that in the case of a given liquid, the 
charge with which the vein begins to exist under the condition 
which we have determined, must be as much less as the diameter 
of the orifice is smaller. In fact, since, all other things being 
equal, the transformation of a liquid cylinder occurs with a 
rapidity proportionate to the diminution in size of the diameter 
of the cylinder, it follows that the value of @ will diminish with 
the value of the orifice; and therefore the smaller the latter 
is, so much the less will the value of i become to allow of the 
term g@ in the expression »/ 2gh4 g0, placed at the commence- 
ment of this section, being neglected in comparison with the 
term /2gh, and consequently fur the vein to exist under the 
condition in question. 

Moreover, as the time @ varies with the nature of the liquid, 
the same will necessarily apply to the charge under consideration. 

74. Let us now investigate the second law, namely that which 
establishes the approximative proportion of the length of the 
continuous part of the vein and the diameter of the orifice, when 
the charge remains the same. 

Let us resume, for an instant, the imaginary case of an abso- 
lutely uniform movement of transference. The vein, leaving its 
divisions out of consideration, will then constitute a true cylinder — 
commencing at the contracted section (§ 72), which cylinder will — 
be formed in the air, and the entire convex surface of which will 
be free ; moreover, as the movement of transference of the liquid — 
does not exert any influence upon the effect of the configuring 
forces (§ 72), and as there is no extraneous cause tending to 
modify the length of the divisions, the latter will necessarily 
assume their normal length. It is evident, therefore, that ex- 
cepting that the formation of its divisions is not simultaneous — 
($ 69), our imaginary vein will exist under exactly the same cir- — 
cumstances as the cylinders to which the laws recapitulated in — 
section 68 refer; consequently, if we consider in particular one © 


Ree eee 


WITHDRAWN FROM THE ACTION OF GRAVITY. 685 


of the constrictions of this vein, it must pass through the same 
forms, and accomplish its modifications in the same time as any 
one of the constrictions which would result from the transforma- 
tion of a cylinder of the same diameter as the vein, formed of 
the same liquid, and placed under the conditions in question. 

Now in the case of a cylinder of mercury, the time comprised 
between the origin of the transformation and the instant of the 
rupture of the lines is, in accordance with one of our laws, 
exactly or apparently in proportion to the diameter of the cylin- 
der; and it is clear that this law is equally applicable to any one 
of the constrictions in particular, or even simply to its neck, as 
to the entire figure. If, then, we suppose our imaginary vein to 
be formed of mercury, the time which the neck of each of its 
eonstrictions will occupy in arriving at the instant of the rupture 
of the line will be exactly or apparently in proportion to the 
diameter which the vein would possess if the divisions in it were 
not formed, i. e. to that of the contracted section. Now as the 
cylindrical form of the vein supposed to exist without divisions 
only begins at the contracted section, it is only from this part 
that the configuring actions arising from the instability of this 
cylindrical form commence. We must therefore admit that the 
liquid section which constitutes the neck of a constriction, does 
not begin to undergo the modifications which result from the 
transformation until the instant at which it passes the contracted 
section; thus the interval under consideration commences at 
this very instant. 

But this interval, comprised between the instant at which the 
liquid section of which the neck of a constriction is formed, 
passes the contracted section, and the instant of the rupture of 
the line into which this constriction becomes converted, is that 
which we have designated by @, and in which the liquid section 
traverses the distance D; in our imaginary vein of mercury, the 
time @ will therefore be in proportion to the diameter of the 
contracted section. 

Now we know that in a liquid vein, the diameter of the con- 
tracted section may be regarded as proportional to that of the 
orifice when the latter exceeds 6 millims., and that above this 
limit the proportionality does not alter very appreciably except 
when the diameter of the orifice becomes less than a millimetre*. 


* In fact, the results obtained by Hachette show (Aan. de Chim. et de Phys., 
t. iii. p. 78) that when the diameter of the orifice is equal to or greater than 
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Moreover, as this alteration is attributed to the influence which 
the thickness of the edges of the orifice, although very slight, 
exerts, it is probable that it may be rendered still less by em- 
ploying, as Savart has done, orifices expanded outwardly, and 
which may be shaped so that their edges may be very sharp. 
Thus, with properly made orifices, we may undoubtedly admit, 
without appreciable error, that commencing with a diameter 
equal at most to a millimetre, the diameter of the contracted 
section is proportional to that of the orifice. 

Hence, as the length of the continuous part of our imaginary 
vein is in proportion to the diameter of the contracted section, 
it will also be in proportion to the diameter of the orifice, at least 
starting from a low value of the latter, which must not be much 
less than a millimetre. 

We have only considered the case of mercury; but the prin- 
ciple with which we set out, #. e. the proportionality between 
the partial duration of the transformation of a cylinder and the 
diameter of the latter, very probably applies also, as we are 
already aware, to all other very slightly viscid liquids; conse- 
quently, in the case of any of the latter liquids, it is very probable 
that the length of the continuous part of the imaginary vein 
will also be in proportion to the diameter of the orifice. The 
law may also be true in regard to all liquids; but it may be the 
case that this general application does not hold good. 

If we now pass from the imaginary to the true vein, we have 
only to suppose that the value of the constant charge is suffi- 
ciently considerable to allow of the condition assumed in the 
preceding section being satisfied throughout the entire extent 
which we assign to the variations in the diameter of the orifice ; 
so that, for each of the values given to this diameter, the con- 
tinuous part of the true vein is apparently of the same length as 
that of the corresponding imaginary vein. The law which regu- 
lates this length may then be regarded as the same in both kinds 
of veins. In accordance with the two remarks terminating the 
preceding section, it is evident that if the common charge fulfills 
the condition in question with regard to the greater value as- 
signed to the diameter of the orifice, it will &@ fortiori fulfill it 
with regard to all the others. 


10 millims., the mean proportion of the diameter of the contracted section to 
that of the orifice is 0°78 ; that in passing from 10 millims, to 1 millim., the — 
proportion only increases 0°83 ; and lastly, when the diameter is equal to 0°55 
millim., the proportion becomes 0°88. 
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We are therefore led to the following definitive conclusion :— 

In the case of mercury, and very probably also in that of all 
other very slightly viscid liquids, such as water, if for the same 
charge increasing values are given to the diameter of the orifice, 
from a value slightly less than a millimetre to some other deter- 
minate value, and if the common charge be sufficiently great, 
the length of the continuous part of the vein will be propor- 
tionate to the diameter of the orifice. 

This conclusion is perhaps true in the case of any liquid what- 
soever; but the elements for deciding this question are wanting. 

Thus, with the restrictions contained in the above enuncia- 
tion, the second law given by Savart results necessarily from the 
properties of liquid cylinders; and it is also evident, that if, in 
the case of a common inconsiderable charge, the law becomes 
modified, it must approximate towards that of Savart in propor- 
tion as the value given to this charge is greater. 

75. We said (note to § 72) that we should return to the closely 
approximative principle of equality between the length of the 
continuous part of an imaginary vein and the corresponding 
distance D, in order to establish this principle more clearly ; we 
shall now do this. 

Let L be the length of the continuous part, and C the portion 
common to this length and the distance D; let also s be the in- 
terval between the origins of the lengths L and D, 7. e. the small 
distance comprised between the orifice and the contracted sec- 
tion; and lastly, let ¢ be the interval between the terminations 
of these same lengths, 7. e. the distance comprised between the 
uppermost point of the rupture of the line and the middle of 
this line; we shall then have 


L=C+s, 
D=C+i; 
consequently 
L—D=s-i; 
whence ar 
s—i 
Do ad? rie Crisp ik agai 


Let us now first approximatively value the quantity 7 in the 
case of some particular liquid, and let us again take mercury. 
After what was shown at the commencement of the preceding 
section, the length of the divisions of an imaginary vein is equal 
to the normal length of those of a cylinder of the same diameter 

3a 2 
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and of the same liquid which would be formed in the air, and 
the entire convex surface of which is free; now in the case of 
mercury, we know that the proportion of this normal length to 
the diameter of the cylinder must be less than 4; consequently, 
in our imaginary vein of mercury, the proportion of the length 
of the divisions to the diameter of the contracted section will 
also be less than 4; but in our state of ignorance of the exact 
value of this proportion, we will first suppose it to be equal to 
the above number. If we then denote the diameter of the con- 
tracted section by k, the diameter of the isolated spheres com- 
posing the discontinuous part of the vein will be (§ 60) equal to 
1°82.k, and the length of the interval between two successive 
spheres will be 2°18.%. But the line into which a constriction 
is converted is necessarily shorter than this interval; for so long 
as the rupture does not take place, the two masses united 
together by the filament must still be slightly elongated; and, 
moreover, each of them must present a slight elongation of the 
line, so as to be connected to the latter by concave curvatures. 
Judging from the comparison of the aspects presented imme- 
diately after the rupture of the line, and after the entire com- 
pletion of the phenomena, by the figure resulting from the 
transformation of one of our short cylinders of oil (see figs. 28 
and 29), I should estimate that for each of the two masses con- 
nected by a line, the elongation towards the latter plus the slight 
concave prolongation form about two-tenths of the diameter 
which these masses acquire after their transition to the state of 
spheres. To obtain the approximative value of the line belonging 
to our vein, we must therefore deduct from the interval 2°18 .k, 
four-tenths of the diameter 1°82.%, which gives 1°45.%. On 
the other hand, if we denote the diameter of the orifice by K, 
we have (note to the preceding section) very nearly K=0°8.K; 
whence it follows that the approximate value of the length of 
our line is equal to 1°45 x 0°8. K=1'16 K. Lastly, the upper- 
most point.of rupture of the line must be very near the upper 
extremity of the latter; if we suppose it to be at this extremity 
itself, the quantity i will be half the length of the line, and we 
shall consequently have 
i=0758...K. 

Let us pass to the quantity s. We know that the distance be- 
tween the orifice and the contracted section, although not en- — 
tirely independent of the charge, always iar but little from 
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the semi-diameter of the orifice, so that we should have very 
nearly s=0°50. K, and therefore 

s—i=0°50. K—0°58.K=— 0°08. K, 
evidently a very slight difference. 

We have assumed 4 as the value of the proportion of the 
length of the divisions of our vein to the diameter 4; this value 
is undoubtedly too great; but as the exact value must necessarily 
exceed the limit of stability, which is itself more than 3, we 
may admit that this exact value is considerably more than the 
latter number. Suppose it, however, to be equal to this num- 
ber 3; calculation will then give for the diameter of the isolated 
spheres the quantity 1°65., and for the interval between two 
consecutive spheres the quantity 1:35 .. Completing the opera- 
tions with these data in the same manner as above, we obtain 
as the final result 

s—i=0°23 .K, 
also a very slight difference. 

Now as the true value of the difference s—i must be comprised 
between the two limits which we have just found, i. e. —0°08.K 
and +0°23.K, and as we cannot ascertain either the one or the 
other, we shall obtain a sufficient approximation to this true 
_ value by taking the mean of the two above limits, which gives, 
lastly, 

tT a Tas senkaee corres te ryahm coe) 
_ Let the distance remain D. As this is traversed by a uniform 
_ movement during the time @ and with the velocity 4/ 2h, we 


shall first have 


D=0 V2gh. 


Now as the time @ is equal (preceding section) to the partial 
duration of the transformation of a cylinder of the same diameter 
and of the same liquid as the vein, and which would be formed 
under the conditions of the results summed up in § 68, it follows 
from one of the latter, that if the diameter of the contracted sec- 
tion of our imaginary vein of mercury were a centimetre, the 
time 6 would be considerably more than 2 seconds; however, in 
order to place ourselves intentionally under unfavourable circum- 
stances, let us suppose that, in the above case, the time in ques- 
tion were only equal to 2 seconds. But the time @ is propor- 
tionate to the diameter of the contracted section (preceding sec- 
tion) ; if then we take the second as the unit of time and the 
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centimetre as the unit of length, we shall have for any value k 
of this diameter 
6=2k; 
and if we replace k by its approximative value 0°8.K, it will 
become 
C= Gruk = 
consequently 
D=16.KV Qgh. 
As we have taken the second and the centimetre as the units of 
time and length, g will be equal to 980°9; and this value being 
substituted in the above expression, it will finally become 


D= 70°87 .K Vh 

From this expression, and that of s—z given by the formula (2.), 
we deduce 

s—i 0:07 Ul 

= = ——— = 0°001 .— =. 

D = 70°87.Vh Vh 

Now according to the equation (1.) this quantity represents the 
error we commit in supposing n=, or L=d; it is evident that 


this error is independent of the diameter of the orifice, but that it 
varies with the charge, and that it is less in proportion as the 
strength of the charge is greater; it is also evident, that for it 
not to be very small, an extremely small value must be given to 
the charge ; for when the charge is too small, either the flow 
does not take place, or it ensues drop by drop, in both which 
cases the nature of the phenomenon is changed, and cannot be 
referred to the transformation of a cylinder. We shall therefore 
suppose that the value of the charge is 4 centims. for instance, 
which is certainly a small value, and which is slightly greater 
than the least of the values employed by Savart in his experi- 
ments. We shall then have 


> =0:0005 ; 


and transferring this value to the equation (1.), we shall find 


= =1+40:0005, 


or rather 

L—D=0:0005.D. 
Thus, according to this result, whatever the diameter of the 
orifice may be with the feeble charge of 4 centims., the length 
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of the continuous part of an imaginary vein of mercury only 
exceeds the distance D by a quantity equal to 6 ten-thousandths 
of the latter; so that, for instance, if the diameter of the orifice 
were such that the distance D were a metre, the length of the 
continuous part would only differ from it by half a millimetre; 
and in consequence of the very small value we have attributed 
to @, even this probably exceeds the true difference. Lastly, if 
we pass from mercury to some other liquid, the difference be- 
tween L and D, or rather the proportion of this difference to D, 
would necessarily vary in magnitude and direction with the 
nature of the liquid; but this proportion, as we have shown, 
is so small, that we may safely admit that it will always be very 
small in regard to any other liquid. 

76. Let us now go within the limit commencing with which 
the real vein may be compared, in its continuous part, to the 
corresponding imaginary vein (§ 73 and 74); in other words, 
let us suppose the charge to be so inconsiderable, or the diameter 
of the orifice to be so great, that the movement of transference, 
in the extent of the continuous part of the real vein, is not per- 
fectly uniform. The vein will also then tend to become thinner 
from above downwards, and this diminution in thickness will 
become visible upon the limpid portion. The question of the 
laws which under these circumstances must regulate the length 
of the continuous part, is very complicated; we shall, however, 
attempt to elucidate it to a certain point. 

Let us consider a division of the vein at the instant at which 
its upper extremity passes the contracted section. The two 
liquid sections between which the division in question is com- 
prised separate from this position with different velocities; for, 
in the short path which the inferior section has traversed, its 
velocity is even slightly augmented by the action of gravity. 
Now it follows from this excess of velocity and the acceleration 
of the motion, that the two sections will continue to separate 
from each other more and more in proportion as they descend ; 
or, in other words, that the portion of the liquid included be- 
tween them will gradually become elongated during its motion 
of transference. Consequently, if no other cause intervened, 
each of the divisions, conveyed by the accelerated velocity of the 
liquid, would gradually increase in length up to the instant of 
the rupture of the line, and would preserve a constant volume 
during its descent. 
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But there is a cause which acts in an opposite manner upon 
the divisions. If we imagine the divisions of the continuous 
part to be suddenly effaced, the small portion of the vein thus 
modified which replaces, at this instant, any given division, will 
be smaller in proportion as the division in question is more 
distant from the contracted section. Consequently we may con- 
sider each of the divisions which at a determinate instant are 
arranged upon the entire length of the continuous part, as arising 
respectively from the transformation of a different cylinder; and 
as the minute portion of the vein which replaces, in the above 
hypothesis, any given division would continue slightly diminish- 
ing in thickness from above downwards, we should exactly 
obtain the diameter of the corresponding cylinder by taking 
the mean diameter of this portion. Now we know that for any 
liquid, the normal length of the divisions of a cylinder supposed 
to be formed in the air, and the entire convex surface of which 
is free, is in proportion to the diameter of this cylinder ; con- 
sequently if nothing opposed the action of the configuring forces 
upon the vein, the proportion of the length of a division to the 
above mean diameter corresponding to it would be the same for 
all the divisions; and as this mean diameter diminishes at each 
division from the top to the bottom of the continuous portion, 
it follows that the length of the divisions would continue to de- 
crease in the same proportion. If then the cause with which we 
are engaged were alone in action, each division would gradually 
diminish in length and volume in proportion as it descended in 
the continuous portion. But then the divisions starting from 
the contracted section with the velocity of the liquid, would 
necessarily follow in their movement of transference a different 
law. We shall show that this movement would be retarded, so 
that the liquid, which descends on the contrary with an accele- 
rated velocity, must pass from one division to the other, and 
that the latter must simply constitute, upon the surface of the 
vein, a sort of undulation, which would be propagated according 
to a particular law. 

Let us assume the hypothesis of the entirely free action 
of the configuring forces, and let us commence with the mo- 
ment at which the section of the surface of the vein which con- 
stitutes. the neck of a constriction passes to the contracted 
section. After a brief interval, another superficial section, 
corresponding to the next neck, will pass in its turn, and 
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these two sections will include a division between them. After 
another interval of time equal to the first, another division will 

-have passed to the contracted section; but the first will even 
then be shortened, so that its lower neck, in this second interval 
of time, will have traversed a less space than the first. For the 
same reason, the space traversed in a third interval of time equal 
to the two others will be still smaller, and so on afterwards. The 
movement of transference of the necks, and therefore that of the 
divisions which they include two and two, will then constitute, 
as I have stated, a retarded movement. 

Now the two causes which we have mentioned, and which act 
concurrently upon the divisions, will necessarily combine their 
effects. Consequently the velocity of transference of the divi- 
sions will be intermediate between the accelerated velocity of the 
liquid and the retarded velocity which would result from the 
second cause alone; in the second place, the divisions will gra- 
dually diminish in volume during their descent along the con- 
tinuous portion, but according to a less rapid law than would be 
the case under the isolated action of this second cause; lastly, 

the length of the divisions will follow a law intermediate be- 
tween the gradual increase determined by the first cause and 
the decrease produced by the second. 

77. We shall now investigate the manner in which these 
modifications in the volume, length, and velocity of the divi- 
sions, are capable of exerting an influence upon the laws regu- 
lating the length of the continuous portion of the vein. 

- We must first draw attention to the fact, that in our imaginary 
_ veins, where the movement of transference of the liquid is sup- 
_ posed to be uniform with all charges, the causes producing the 

above modifications do not exist; consequently the divisions 
must always descend with the same velocity as the liquid, with- 
out varying in either volume or length in the course of the con- 
tinuous part. Moreover, we must recollect, that after what has 
been detailed in §§ 72, 74 and 75, Savart’s laws are already 
satisfied with regard to these veins commencing with very 
feeble charges; the first law in the case of any liquid whatever, 
and the second in the case of mercury, very probably also in 
that of any other very slightly viscid liquid, and perhaps even in 
that of all liquids. 

Let us now recur to the true vein of the preceding section, 
and let us begin by examining the influence exerted by the 
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diminution of the volume of its divisions. Since a cylinder, 
supposed to exist under the conditions of our laws and formed 
of a given liquid, becomes transformed with rapidity propor- 
tionate to the smallness of its diameter, it necessarily follows 
that as the volume of its divisions is smaller, the gradual 
diminution in the volume of the divisions of the vein tends to 
render the velocity of their transformation more accelerated 
than it would be in the imaginary vein of the same liquid 
if it flowed under the same charge, and from an orifice of the 
same diameter. Under the isolated influence of this modification 
of the volume, the time which the portion of the phenomenon 
corresponding to the course of the continuous portion requires 
would therefore be shorter, consequently the length of this 
portion would be less than in the imaginary vein. Now if the 
charge under consideration were replaced by a charge very nearly 
sufficient to annihilate the acceleration of the movement of trans- 
ference of the liquid in the continuous part, this portion of the 
vein would then be equal in length to that of the corresponding 
imaginary vein (§ 73); therefore in passing from the first charge 
to the second, the continuous part of the true vein would aug- 
ment more than that of the imaginary vein, 7. e. would conse- 
quently augment in greater proportion than that of the square 
roots of the two charges. Thus the gradual diminution in the 
volume of the divisions tends to render the law regulating the 
length of the continuous part of the vein, when the charge is 
made to vary, more rapid than that of Savart. 

Let us pass on to what relates to the length of the divisions. 
As the acceleration of the velocity of the transference of the 
liquid forms an obstacle to the free shortening of the divisions, 
the latter must be gradually extended in the direction of their 
length, in proportion as they descend upon the continuous part. 
Now this gives rise to an influence exerted in the same direction 
as the preceding; for in consequence of their less thickness, the 
constricted portions will yield more readily to this traction than 
the dilated portions, which will necessarily increase the rapidity 
with which the former become diminished in thickness, and will 
therefore tend to produce, in each of them, the formation and 
rupture of the line sooner than in the corresponding imaginary 
vein. But the difference of the laws which the divisions and the 
liquid follow in their respective movements of transference, en- 
genders an influence which acts in a contrary direction to the two 


2 
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preceding. In virtue of the excess which the velocity of the liquid 
acquires above that of the divisions, the liquid passes, as we have 
seen, from one division to the other, so that any one portion tra- 
verses successively, sometimes the narrower canal of a constric- 
tion, sometimes the larger space of a dilatation. But as the liquid 
thus moves in a conduit the dimensions of which are alternately 
smaller and larger, its velocity must be greater in the constricted 
parts, and less in the dilated parts, than if the divisions did not 
exist; whence this singular consequence results, that the velo- 


city of transference of the liquid, instead of being uniformly 


accelerated, is subjected, in the course of the continuous part, to 
a series of particular variations which render it alternately greater 
and less than that which a solid body falling from a point situated 
at the elevation of the liquid in the vessel would have. More- 
over, the liquid molecules, instead of moving in the direction of 


lines presenting a very slight curvature, and always in the same 


direction, as they would do if the divisions were absent, will 


_ necessarily describe sinuous lines in their passages from division 


to division. Now the configuring forces emanating from the 
superficial layer of the vein, and which produce the divisions, 
cannot force the molecules of the liquid to undergo these alter- 
nate changes of direction and velocity, without expending a part 
of their own action; so that things will go on as if these forces 
experienced a loss in intensity. If then the influence in question 


_ were alone exerted, the transformation would be effected with 


less rapidity, and therefore the continuous portion would be 
longer than in the corresponding imaginary vein; whence it fol- 


_ lows, that in passing from the charge under consideration to a 


charge which would establish the approximative uniformity of 


_ the movement of transference of the liquid in the continuous 
_ portion, the length of this portion of the vein would increase in 


a less proportion than that of the square roots of the two charges. 

With regard to the transference of the divisions, separately con- 
sidered, we are well aware that it must be intermediate between 
the retarded velocity which would result from the free shortening 


of these divisions, and the accelerated velocity of the liquid; but 


it would be difficult to decide & priori whether this intermediate 
velocity preserves any retardation or whether it presents any 
acceleration. However, admitting that retardation exists, the 
latter, tending evidently to diminish the length of the continuous 
portion, would produce an influence in the same direction as 
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the above two former; and supposing, on the contrary, that 
acceleration occurred, this would produce an influence in the 
same direction as the third. 

78. To sum up, then: when the charges are less considerable 
than those which would render the movement of transference of 
the liquid perfectly uniform in the continuous part of the vein, 
two opposite kinds of influences affect the law, according to 
which the length of this continuous portion varies with the 
charge, the first tending to make this length increase more 
rapidly than the square root of the charge, whilst the second, 
on the contrary, tends to make it increase less rapidly. Now 
in virtue of their opposition, these two kinds of influences 
will mutually neutralize each other to a greater or less extent ; 
but in accordance with the diversity of the immediate causes 
which respectively produce each of these influences, complete 
neutralization must be regarded as very improbable; which leads 
us to the former conclusion, that, when the charges are suffi- 
ciently weak, the law in question will differ from that of Savart ; 
but it will be impossible to decide @ priori in what direction. 

In the second place, the primary cause of all the influences 
which we have mentioned being the acceleration of the move- 
ment of the liquid, it is clear that the resulting action of those 
which act in the same direction, considered separately, decreases 
in proportion to the augmentation of the charge, and may 
be neglected, commencing with the first of the charges under 
which the movement of the liquid becomes perfectly uniform in 
the continuous portion. Now what remains of the mutual neu- 
tralization of the two resulting opposed actions is necessarily less, 
and probably considerably so, than each of them in particular ; 
whence we must believe that this excess may be neglected, com- 
mencing with a much less charge. We then arrive at this second 
conclusion, that Savart’s first law will undoubtedly begin to be 
true in the case of a charge which will still leave a very marked 
acceleration in the movement of transference of the liquid in the 
continuous portion. 

Lastly, this result, in connexion with a principle which we 
have established at the end of § 73, furnishes us with a third — 
conclusion, viz. that the charge at which the vein begins in 
reality to satisfy Savart’s first law will be less in proportion to 
the size of the orifice; for it is evident that, in passing from one ~ 
orifice to the other, this charge must vary in the same manner 
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as that at which the acceleration of the movement of the liquid 
may be neglected. But I say further, that the variation in 
question will very probably take place in a much greater pro- 
portion than that of the diameters of the orifices. 

For, let h' be the charge with which the approximative uni- 
formity of the movement of transference begins in the case 
of a given orifice and liquid, and 6! the corresponding value of @. 
The charge h’, as we have seen, should be such that / 2gi! 


may be very considerable in regard to g6', or, in other words, 
Vv 2ghl 
gf 

an orifice of less diameter, and let A! denote the charge which 
fulfills in regard to this second orifice the same condition as /! 
with regard to the former; let also 6” denote what @ becomes in 
the case of the new orifice. If we wish, in the movement of the 
_ liquid, in the continuous portion of the vein which flows from 
the latter to have the same degree of uniformity as in the con- 
tinuous portion of the preceding one, we must evidently make 


that the proportion may be very great. Let us now take 


gos gal" ‘ 
which gives 
Vi 6 
Val = 
_ consequently ged ge 
fi = ge 


_ But the time 0, at least in the case of mercury, is proportionate 

_ to the diameter of the contracted section, consequently to 

that of the orifice (§ 74); hence, in the case of this liquid, we 
12 


may substitute for = that of the squares of the diameters of 


the two orifices; whence it follows that in passing from any de- 
terminate orifice to one which is less, the charge under consi- 
deration will decrease as the square of the diameter of the orifice. 
Now it must be considered as very probable that the weakest 
charge at which Savart’s law begins to be realized will decrease 
in an analogous manner, i. e. in a much greater proportion than 
that of the diameters. As we have several times stated, we 
are not aware whether the considerations relative to mercury 
are applicable or not to all other liquids; but we know at least 
that they are very probably so to all those the viscosity of which 
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is very slight; consequently the above conclusion is very pro- 
bably also true in regard to any of the latter liquids, such for 
instance as water. 

79. Let us provisionally admit the preceding conclusions as 
perfectly demonstrated, and let us pass to the other law, i. e. that 
which governs the length of the continuous portion when the 
diameter of the orifice is made to vary. I say, in the first place, 
that, in the case of mercury, this law will coincide with the 
second of those of Savart, when we give to the common charge 
the value at which the vein escaping from the largest of the ori- 
fices employed would begin in reality to satisfy the first of these 
laws. In fact, let us remark first, that with the charge in ques- 
tion, and which we shall denote by /,, the veins escaping from 
all the lesser orifices will exist @ fortiori in the effective condi- 
tions of the first law. Consequently, if for a moment we substi- 
tute for this charge /, a sufficiently considerable charge to ren- 
der the velocity of the liquid sensibly uniform throughout all 
the continuous parts, and if we again pass from this second 
charge to the preceding, the respective lengths of the continuous 
parts will all decrease in the same proportion, 7. e. in that of the 
square roots of the two charges. Now, with the largest of the 
latter, the lengths in question were to each other as the diameters 
of the corresponding orifices (§ 74); it will also be the same 
with the charge f,; consequently with this charge the second 
of Savart’s laws will be satisfied. 

In the second place, I say that with a lower charge than h, 
the same will not hold good. To show this, let h, be this new 
charge; and let us denote by A, the charge which plays the same 
part with regard to the vein escaping from the smallest orifice 
as that which /, plays with regard to that which escapes from 
the larger one. It must be borne in mind that A, is less than h,, 
and let us suppose h, to be comprised between the two latter. 
With the charges A, and h, the vein escaping from the smallest 
orifice will therefore then still exist under the effective conditions 
of Savart’s first law, whilst as regards the vein which escapes 
from the larger orifice, these conditions will only commence at 


h,; if then we pass from h, to h,, the continuous portion of the 
first vein will decrease in proportion to the square roots of these 


two charges; but that of the latter vein will decrease in a dif- 


ferent proportion. Now with the charge h, these two lengths — 


were to each other as the diameters of the corresponding orifices; 
with the charge f, then they would exist in another proportion ; 
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consequently the second law of Savart would no longer be satis- 
fied, at least as regards the two extreme veins of the series 
brought into comparison. 
__. The following new conclusions result from all this:—With a 
sufficiently weak common charge, the proportionality of the 
length of the continuous portion of the mercurial column to the 
_ diameter of the orifice does not exist throughout the entire ex- 
_. tent assigned to the variations of this diameter; but it begins 
_ to manifest itself when that value is given to the common charge 
at which the vein escaping from the largest of the orifices com- 
_ mences to exist under the effective conditions of Savart’s first law. 
___ Respecting these conclusions, we must repeat what we stated 
with regard to that terminating the preceding section, viz. that 
they are very probably applicable, at least to all very slightly 
_ yiscid liquids, consequently to water. 

Now we shall see that these same conclusions, as also those 
of the preceding section, are in accordance with the results of 
Savart’s experiments, which results relate to water. 

80. Savart has made two series of observations upon veins of 
water withdrawn from all extraneous influences, one with an 
orifice 6 millims., the other with an orifice 3 millims. in diameter; 
the successive charges were the same in both series. The two 
_ following tables represent the results obtained, i. e. the lengths 
of the continuous part corresponding to the successive charges ; 
both the lengths and the charges are expressed in centimetres. 
I have inserted in each table a third column, containing, in re- 
_ gard to each of the lengths of the continuous part, the propor- 
tion of the latter to the square root of the corresponding charge:— 


Diameter of the orifice, 6 millims. Diameter of the orifice, 3 millims, 
Senet Recpextion to Length Proportion to 
t the re t th 

{ Ph eoness seer the Charges. eoiicnin se Hi the 

: portion. charge. portion. charge. 

.. 107 50-4 45 24 113 

Ff 126 36°4 12 39 11:3 
.. 143 275 27 58 11-2 

P ‘ 158 23°0 47 78 11-4 


Before discussing these tables, we may remark here, that all 
the lengths of the continuous portions are expressed in whole 

- mumbers; which shows that Savart has taken for each of them 

_ the nearest approximative whole number in centimetres, disre- 
garding the fraction ; hence it follows that the lengths given in 
these tables cannot in general be perfectly exact. 
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This being established, let us now begin by examining the 
table relating to the orifice of 6 millims. It is evident that the 
proportion of the length of the continuous portion to the square 
root of the charge diminishes considerably from the first charge to 
the last; whence it follows, that in the case of a vein of water 
escaping from an orifice 6 millims. in diameter, if the charge be 
not made to exceed 47 centims., Savart’s first law is far from being 
satisfied. Thus the first conclusion of § 78 is conformable with 
experiment. Moreover, the diminution of the proportion deter- 
mines the direction in which the true law differs from that of Savart, 
within the limit at which this begins to be sufficiently approxi- 
mative; it is evident that the length of the continuous portion 
then augments less rapidly than the square root of the charge. 
In the second place, as the proportion in question increases, we 
find that the latter converges towards a certain limit, which 
must be a little less than 23, i. e. the value corresponding to the 
charge of 47 centims. In fact, whilst the charge receives suc- 
cessive augmentations of 7°5, 15 and 20 centims., the proportion 
diminishes successively by 14, 8°9 and 4°5 units, and the latter 
difference is still tolerably slight in regard to the value of the 
latter proportion; whence we may presume, that if the charge 
were still further increased, the further diminution of the pro- 
portion would be very small, and that a sensibly constant limit 
would soon be attained, at which limit Savart’s first law would 
be satisfied. 

Let us now find the proportion of the velocity of transference 
of the liquid at the extremity of the continuous part to that at 
the contracted section, in the case of the vein escaping under a 
charge of 47 centims. We shall disregard here the small alter- 
nate variations which have been treated of in § 77, and shall — 
therefore consider the velocity of transference of a horizontal 
section of the liquid of the vein as being also that which this 
section would have if it had fallen freely and in a state of isola- 
tion from the height of the level of the liquid in the vessel. 
Then, on neglecting the small interval comprised between the 
orifice and the contracted section, we shall have for the velo- 
city in question, at any distance / of this section, the value 
W/2g9.(h+l); if then 7 denotes the length of the continuous 
portion, the proportion of the velocity at the end of this length — 
to that at the contracted section will be expressed generally by — 


» or more simply by / = On now substituting, — 


Vv 29(h+l) 
v 2gh 


- 
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in this expression for / and / the values relative to the vein in 
question, 7. e. 47 and 158, we find for the relation between the 
extreme velocities the value 2-1. Thus, although under a charge 
of 47 centims., the vein escaping from an orifice of 6 millims. 
may probably nearly exist under the effective conditions of 
Savart’s first law, the velocity at the end of the continuous por- 
tion is even more than double the velocity at the contracted 
section, so that the movement of transference of the liquid is 
still more considerably accelerated. The second conclusion of 
§ 78 therefore appears so far to agree, like the first, with the 
results of experiment. 

Let us pass to the table relating to the orifice of 3 millims. 
Here it is evident that the proportion of the length of the con- 
tinuous portion to the square root of the charge is very nearly 
the same for all the charges; whence it follows, that with this 
orifice the vein already begins to come within the effective con- 
ditions of Savart’s first law under a charge of 4°5 centims. But, 
according to what we have stated, the orifice being 6 millims., 
the vein does not satisty these conditions except under a charge 
at least equal to 47 centims.; the charge at which Savart’s first 
law begins to be realized, then, augments and diminishes with 
the diameter of the orifice, and much more rapidly than this 
diameter. Now this is the substance of the conclusion of § 78. 
Lastly, if in the general expression of the relation of the extreme 

velocities found above, we replace / and /by the values 4°5 and 24 
relative to the first vein of the table under consideration, we shall 
find for this relation the value 2°5; which shows that with the 
charge 4°5, under which the vein is already placed in the effective 
conditions of Savart’s law, the velocity of transference of the 
liquid is still very notably accelerated. No doubt can therefore 
remain of the legitimacy of the second conclusion of § 78. 

Let us now calculate, for each of the four charges, the pro- 
portion of the lengths of the continuous parts corresponding 
respectively to the two orifices; we shall thus form the following 
table :— 


Charges. Proportions. 
zs 45 4-46 
12 3°23 
27 2°46 
47 2:03 
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This table shows, that for charges below 47 centims., the re- 
lation between the respective lengths of the continuous portions 
of two veins of water escaping, one from an orifice 6 millims. in 
diameter, and the other from an orifice of half this diameter, 
is far from being the same as those of the diameters ;, whence it 
follows, that, under these charges, Savart’s second law is not 
satisfied. But it is evident, at the same time, that this relation 
converges towards that of the diameters in proportion as the 
charge is augmented, and that, under the charge of 47 centims., 
it nearly attains it; now according to what we have seen above, 
under this same charge of 47 centims., the vein escaping from the 
larger of the two orifices very probably nearly attains the effective 
conditions of Savart’s first law. The conclusions of the pre- 
ceding section appear then to agree, as those of § 78, with the 
results of observation. We shall now however see this agree- 
ment confirmed by the results obtained with veins of water when 
not withdrawn from extraneous influences. 

81. These extraneous influences, which consist of certain 
more or less regular vibratory movements transmitted to the 
veins, do not appear to alter the laws under consideration con- — 
sidered generally ; but they produce a curtailment of the conti- 
nuous portions, and thus produce the same effect as a diminu- 
tion of the diameters of the orifices, so that under their influence 
Savart’s laws begin to be realized with weaker charges. 

I have just stated that the complete laws which govern the 
continuous portion do not appear to be changed by the extra- 
neous influences in question; this will be readily seen, when 
for each of the series made by Savart under the influence of 
these actions, in which series the orifices, the charges, and the 
liquid are the same as before, we construct a table of the pro- 
portions of the length of the continuous part and the square root 
of the charge. Notwithstanding the slight differences arising on 
the one hand from the irregularities inherent to the extraneous 
influences, and on the other hand from Savart always having 
given the lengths in whole numbers, we shall see, that with an 
orifice of 6 millims. the proportion still begins to diminish, and 
converge towards a certain limit; only here the limit is less, for 
the reason I have given above, and the limit appears to be 
attained under a less charge than 47 centims.; 2nd, that with — 
an orifice of 3 millims. the proportion is perfectly constant. 

Hence the series in question may also serve for the discussion 
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of the laws which govern the length of the continuous part. I 
: shall limit myself here to the production of two of these series ; 
__ they consist of those which Savart adopted as his type, and from 
: _ which he deduced his laws. The following are the tables con- 
| taining them :— 


Diameter of the orifice, 6 millims. Diameter of the orifice, 3 millims. 
Length Proportion to Tenth Proportion to 
of the the square of the the square 
Charges. continuous root of the Charges. continuous | root of the 
portion. charge. portion. charge. 
- 45 40 18-9 45 16 75 
12 59 17:0 12 25 7:2 
27 82 15:8 27 41 79 
47 112 16:3 eel 55 8-0 


and the first shows, that with an orifice of 6 millims., the pro- 
portion of the length of the continuous portion to the square 
root of the charge appears to have attained its limit even with a 
charge of 27 centims.; the slight increase manifested in the case 
of the succeeding charge is undoubtedly due to the causes of 
irregularity which I have mentioned. 

Let us further calculate, for these two series, the proportions 
of the lengths corresponding respectively to the two orifices, 
which gives us the following table :— 


Charges. Proportions. 


4:5 2°50 

12 2°36 

27 2:00 

47 2:04 
pes eee ee 


It is therefore also under the charge of 27 centims. that the pfo- 
portion of the lengths of the continuous portions attains that of 
the diameters of the orifices, which completes the establishment 
_ of the conformity of the conclusions of § 79 to the results of ob- 
_ servation. 
4 Lastly, with an orifice of 3 millims., Savart has made a series 
__ of observations corresponding to four larger charges than the pre- 
- ceding, and the proportion of the length of the continuous por- 
_ tion to the square root of the charge still appeared perfectly 
_ constant; the first of these new charges was 51, and the last 
_ 459 centims. 
82. Thus, as we have been taught by Savart’s investigations, 
the vein gives rise to the production of a continuous sound, 
3 B2 
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principally arising from the periodical shock of the isolated 
masses of which the discontinuous portion is composed against 
the body upon which they fall, and this sound may be made to 
acquire great intensity by receiving the discontinuous portion 
upon a tense membrane. On comparing the sounds thus pro- 
duced by veins of water under different charges and with orifices 
of different diameters, Savart found that, for the same orifice, the 
number of vibrations made in a given time is proportionate to the 
Square root of the charge; and that for the same charge, this 
number is in inverse proportion to the diameter of the orifice. 
We shall now see that these two laws also result from our 
principles. 

Let us again have recourse to imaginary veins. In these the 
length of the divisions is equal, as we have seen (§ 74), to the 
normal length of those of a cylinder of the same liquid, formed 
under the conditions of our laws, and having for its diameter 
that of the contracted section of the vein; thus this length de- 
pends only upon the diameter of the orifice and the nature of the 
liquid, and does not vary with the velocity of the flow. Now 
it follows from this, that for the same liquid and the same ori- 
fice, the number of divisions which pass in a given time to the 
contracted section is in proportion to this velocity, i. e. to W 2gh, 
consequently to Wh. But each of these divisions furnishes 
lower down an isolated mass, and each of these subsequently 
strikes the membrane; the number of impulses produced in a 
given time is equal then to that of the divisions which pass in 
the same time to the contracted section, and is consequently 
proportionate to the square root of the charge. 

In the second place, as the normal length of the divisions of 
a cylinder, supposed to exist under the conditions of our laws 
and composed of a given liquid, is proportionate to the diameter 
of this cylinder, it follows, that for any liquid, the length of the 
divisions of the imaginary vein is proportionate to the diameter 
of the contracted section, and therefore exactly proportionate to 
that of the orifice. Now for a given velocity of escape, the 
number of divisions which pass in a given time to the contracted 
section is evidently in inverse ratio to the length of these divi- 


sions ; if then the liquid remains the same, this number is exactly _ 


in inverse ratio to the diameter of the orifice. 


Thus the two laws which, according to Savart, regulate the : 


‘J 


sounds produced by the veins, would necessarily be satisfied 
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with regard to our imaginary veins. Now I say that the sound 
produced by a true vein will not differ from that which the cor- 
responding imaginary vein would produce, if the charge is suffi- 
cient relatively to the diameter of the orifice for the velocity of 
transference of the liquid to augment very slightly from the con- 
tracted section to a distance equal to the length of the divisions 
of the imaginary vein. Then, in fact, within this extent, the two 
causes which tend to modify the length of the divisions (§ 76), 
i. e. the acceleration of the velocity of the liquid and the resulting 
diminution in the diameter of the vein, will both be very small ; 
and as they act in opposite directions, their resulting action will 
be insensible, so that the divisions will freely acquire at their 
origin the length corresponding to that of the corresponding 
imaginary vein; now it is clear that in this case the number of 
divisions which will pass in a given time to the contracted sec- 
tion will be the same in the real and the imaginary vein; con- 
sequently the sounds produced by both the veins will also be 
identical. 

But in confining ourselves to very slightly viscid liquids, as 
water, we know that the relation between the normal length of 
the divisions of a cylinder imagined to exist under the conditions 
of our laws and the diameter of this cylinder, must very pro- 
bably differ but little from 4; consequently the same applies to 
the relation between the length of the divisions of an imaginary 
vein formed of one of these liquids and the diameter of the con- 
tracted section of this vein. If, then, in a true vein formed 
of one of these liquids, the increase in the velocity of trans- 
ference is very slight at a distance from the contracted section 
equal to 4 times the diameter of this section, the condition laid 
down above will very probably be satisfied; however, to avoid 
any chance of being deceived, we will take, for instance, 6 times 
this diameter. 

It is moreover clear, that if the condition, thus rendered pre- 

cise, is fulfilled with regard to a given charge and orifice, it will 

be so @ fortiori for the same orifice and greater charges, and for 
the same charge and smaller orifices. We arrive then at the 
following conclusions :— 

1, When a series of veins, formed of a very slightly viscid 
liquid, flow successively from the same orifice and under different 
charges, if the least of them is sufficient for the velocity of trans- 
ference of the liquid to augment very slightly, as far as a distance 
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from the contracted section equal to about 6 times the diameter 
of this section, the number of vibrations corresponding respect- 
ively to the sounds produced by each of the veins of the series 
will necessarily satisfy the first of the two laws discovered by 
Savart. 

2. When a series of veins, formed of a very slightly viscid 
liquid, escapes under a common charge and from orifices of dif- 
ferent diameters, if the common charge is sufficient for the same 
condition to be fulfilled with regard to the vein which escapes 
from the larger orifice, the number of vibrations corresponding 
respectively to the sounds produced by each of the veins of the 
series will necessarily satisfy the second law. It now remains 
for us to show that the above condition was satisfied in the ex- 
periments from which Savart deduced the two laws under con- 
sideration. 

In the series relating to the first of these laws, the diameter 
of the common orifice was 3 millims., and the smallest charge 
was 51 centims.; and in the series which refers to the second 
law, the value of the common charge was the same, 51 centims., 
and the diameter of the largest orifice was 6 millims. For our 
condition to be fulfilled with regard to both series, it was there- 
fore evidently sufficient that it was so in the vein which escaped 
under the charge of 51 centims., and from the orifice the dia- 
meter of which was 6 millims. Now on multiplying this diameter 
by 0°8, we obtain for the approximative value of that of the con- 
tracted section of the vein in question 4°8 millims., and 6 times 


the latter quantity gives us 28°8 millims., or nearly 3 centims. — 


A+l 
h b) 
of the relative proportions of the velocities of transference at 


Now if in the expression which gives the general value 


a distance J from the contracted section and at this section . 
(§ 80), we make h=51 and /=3, we obtain for this proportion — 
the value 1:03; whence it is evident, that from the contracted — 


section to a distance equal to about 6 times the diameter of this 
section, the velocity of transference of the liquid of the vein in 
question only increased 3 centims. more than its original value. 

83. Let us imagine a vein of water, and let us call a division 
considered immediately after its passage to the contracted sec- 
tion, 7. e. at the instant at which its upper extremity passes this 
section, the nascent division. It follows from what we have de- 


tn 


tailed in the preceding section, starting with a sufficient charge, — 
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that the proportion of the length of the nascent divisions of the 
vein in question to the diameter of the contracted section will 
assume a constant value, i.e. independent of the charge, and 
that this value will very probably differ but little from 4, 

Now the results obtained by Savart in the experiments relative 
to the laws which we have just discussed, allow us, as we shall 
see presently, to verify the consequences of our principles. 

The two opposite causes which tend to modify the length of 
the divisions, are also those which exert an influence upon the 
velocity of transference, or, more precisely, upon the velocity of 
the transference of the necks which terminate them (§ 76). Now 
in the case under consideration, these same causes both remain- 
ing very small throughout the extent corresponding to a nascent 
division, their resulting action upon the velocity of transference 
of the necks will be insensible throughout this extent; conse- 
quently the velocity with which a neck descends may be regarded 
as exactly uniform and equal to the velocity of the flow VW 2gh, 
from the contracted section to a distance equal to the length of 
a nascent division. 

If, then, for an orifice of a given diameter, X denotes the 
length of a nascent division, and ¢ the time occupied by a neck 
to traverse it, we shall have 


N=t V Qh. 
Moreover, let x represent the number of divisions which pass to 


the contracted section in a second of time; as the time ¢ evi- 
dently measures the duration of the passage of one of them, we 


shall have, taking the second as the unit of time, t=<, and 


therefore r=} VIgh. 
Lastly, let k denote the diameter of the contracted section cor- 
responding to the same orifice; to represent the proportion of 
the length of the nascent division to this diameter, we shall have 
the formula 

00 1 
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Now to obtain, by means of this formula, the numerical value 


of the proportion * relative to a determined charge and orifice, 


we have only to ascertain by experiment the number of vibra- 
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tions per second corresponding to this charge and this orifice 5 
for then the value of / will be given, that of k may be deduced 
from the diameter of the orifice employed, we shall find that of 
n by taking (see preceding section) half the number of vibrations 
found, and lastly, that of g is known. It is unnecessary to re- 
mark, that the values of h, k, and g must be reduced to the same 
unit of length. ‘Now Savart’s observations relative to the first 
law, give us, for an orifice of 3 millims., the number of vibrations 
per second corresponding respectively to four different charges ; 
we can calculate then, for each of these observations, the value 


of the proportion = 


The following table contains these numbers, with the charges 
to which they refer. The latter are expressed in centimetres :— 


Diameter of the orifice, 3 millims. 


Charges. Number of 


vibrations. 
5] 600 
102 853 
153 1024 
459 1843 


We may conclude, from the results detailed in the note to 
§ 74, that when the diameter of the orifice amounts to 3 millims., 
that of the contracted section is almost exactly eight-tenths of 
this quantity ; consequently, if we retain the centimetre as the 
unit of length, which gives 0°3 for the value of the diameter of 
the orifice in question, we shall have 

k=0:3 x 0°8=0°24. 

Lastly, the numbers of vibrations, and therefore the values of 
n, Supposing the second taken as the unit of time, and the values 
of f and k being reduced to the centimetre as the unit of length, 
we must make g=980°9. 

Substituting in the formula (a) these values of k and g, as 
also those of / taken from the above table, and those of 2 ob- 
tained by taking the respective halves of the numbers of vibra- 
tions contained in the same table, we shall find, for the propor- 


ey. ; : 

tion 7, the four following numbers :— 
4°39 
4°37 
4°46 
4°29 


: 
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and we see that, in fact, these numbers closely approximate to 
each other, and very nearly amount to 4. The mean of these 
numbers, 7. e. 4°38, gives us then very nearly the constant value 
which, commencing with a suitable charge, the proportion of 
the length of the nascent divisions of a vein of water to the 
diameter of the contracted section of this vein assumes. 

This is also evidently the value of the proportion of the length 
of all the divisions of the continuous portion of a vein of water 
to the diameter of the contracted section, when the charges are 
sufficiently considerable for the movement of transference of the 
liquid to be perfectly uniform throughout the whole extent of 
this continuous portion. In experimentally determining, in the 
case of any other liquid, the number of vibrations corresponding 


2 : r : : 
to a given charge and orifice, the value of i referring to this 


liquid is also obtained by means of the formula (a). If we con- 
fine ourselves to liquids the viscosity of which is very slight, 
the values would very probably be found to differ but little from 
the preceding; and it may consequently be considered, that, 
with the same charge and the same orifice, the sounds produced 
by the veins formed respectively of these various liquids are 
very nearly of the same pitch; but the case would undoubt- 
edly be different, at least in general, if we passed to liquids of 
considerable viscosity. 

Savart says, that the nature of the liquid appears to exert no 
influence upon the number of vibrations corresponding to a 


_ given charge and orifice; but he does not point out what the 


liquids were which he compared in this respect; from what we 
have stated, it may be presumed that these liquids were some of 
those the viscosity of which is very slight. 

84. Since the partial duration of the transformation of a 
cylinder may evidently be taken into account, as we have already 


~ remarked, by considering only one of the constrictions of the 
figure, or simply the neck of the latter, and, on the other hand, 


as this duration varies, for the same diameter, with the nature 
of the liquid, it follows that in the vein the time comprised 
between the instant at which the superficial section which 
constitutes the neck of a constriction passes to the contracted 
section, and the instant of the rupture of the line into which 
this constriction is converted, will also vary, all other things being 
equal, with the nature of the liquid. Now it necessarily follows 
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from this, that for the same charge and the same orifice the 
length of the continuous part of the vein will vary according to 
the nature of the liquid; and this conclusion is also in con- 
formity with the results of experiment. In fact, as is well known, 
Savart has measured the continuous portion of four veins flow- 
ing under identical circumstances, and formed respectively of 
sulphuric zther, alcohol, water and a solution of caustic ammonia, 
and he found the following lengths :— 


PANEL? (eee wd ee ee ee OO 
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85. Hitherto we have only entered upon the consideration of 
veins projected vertically from above downwards. Let us now 
consider veins projected in other than vertical directions. These 
are incurved by the action of gravity, and cannot-therefore be 
any further compared to cylinders; but we must remark, that 
the phznomenon of the conversion into isolated spheres is not 
the result of a property belonging exclusively to the cylindrical 
form; it appears that this phenomenon must be produced in 
the case of every liquid figure, one dimension of which is con- 
siderable with regard to the two others; we have, in fact, seen 
the liquid ring formed in the experiment described in § 19 be- 
come converted into a series of small isolated masses, which 
would constitute so many spheres if their form were not slightly 
modified by the action of the metallic wire which traverses them. 
We can understand, then, that in curved veins divisions passing — 
gradually to the state of isolated spheres ought also to be pro- 
duced ; consequently the constitution of veins projected either — 
horizontally or obliquely must be analogous to that of veins 
projected vertically from above downwards, which conclusion ~ 
agrees, in fact, with Savart’s observations. 

This analogy of constitution must evidently extend to the 
ascending portion of the veins projected vertically from below 
upwards; only in the case of the latter veins the phenomena 
are disturbed by the liquid which is thrown back. 

86. The properties of those liquid figures, one dimension of 
which is considerable with regard to the two others, and parti- — 
cularly of cylinders, furnishes then the complete explanation of 2 
the constitution of liquid veins projected from circular orifices, — 


. 
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and accounts for all the details and all the laws of the phzno- 
menon, at least so long as the modifications produced in it by 
extraneous causes, 7. e. by the vibratory movements transmitted 
to the liquid, are excluded. 

As regards the mode of action of these vibratory movements, 
it is evident that the properties of the liquid cylinders cannot 
make us acquainted with them. These movements consti- 
tute a totally different cause from the configuring forces, conse- 


_ quently one which is foreign to the general object of our treatise ; 


however, to avoid leaving a deficiency in the theory, we will also 
examine, relying upon other considerations, the manner in which 
the vibratory movements act upon the vein, and we shall thus 


arrive at the complete explanation of the modifications which 


result from it, and the constitution of the latter; but we shall 
reserve this subject for the following series. 

The influence exerted by the vibratory movements commu- 
nicated to the liquid, led Savart to regard the constitution of the 
vein as being itself the result of certain vibratory movements 
inherent in the phenomenon of the flow. From this assump- 


_ tion, Savart has endeavoured to explain how the kind of 


— 
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disturbance occasioned in the mass of the liquid by the emission 
of the latter, might in reality give rise to vibration, and he has 


_ shown that the existence of the latter would entail the alternate 
_ formation of dilatations and constrictions in the vein. It has 


been shown, in the exposition of our theory, that the constitu- 


_ tion of the vein is explained in a necessary manner by facts, 


quite independently of all hypothesis. We may then, I think, 
dispense with a detailed discussion of the ingenious ideas which 


we have mentioned, ideas for the complete comprehension of 
which we must refer to Savart’s memoir itself. We shall 


merely remark, that it is difficult to admit the kind of disturb- 


ance supposed by Savart to occur, except during the first mo- 
ments after the orifice is opened; moreover, that it is not very 


evident how the vibrations in question, after having traced 
upon the surface of the vein a nascent division, would produce 


_ the further development of the latter, so as to make it pass gra- 
4 dually, during its descent, to the state of an isolated mass; 


lastly, that to remove these difficulties, we should again be 


obliged to have recourse to additional hypotheses, to arrive at 


the laws governing the length of the continuous portion, and 
those to which the numbers of vibrations corresponding to the 
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sounds produced by the shock of the disturbed portion are sub- 
ject. However, it is by borrowing one of Savart’s ideas, which 
becomes applicable when, from some external cause, vibrations 
are really excited in the liquid, that we find the elements requi- 
site for entering upon the latter part of the theory. 

87. In the next series, after having concluded what relates to 
the vein, we shall return to the liquid masses free from gravity ; 
and we shall study the other figures of revolution besides the 
sphere and the cylinder, as also those figures which do not be- 
long to this class, for which the equation of equilibrium may be 
interpreted in a rigorous manner. 
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ARTICLE XIX. 


On the Determination of the Intensity of Magnetic and Diamag- 
netic Forces. By Professor PLicKxer of Bonn*. 


‘ [From Poggendorff’s Annalen for July 1848.] 


§ 1. General Considerations. 


1. BY the intensity of the magnetism of a substance, I understand 
the intensity of that force with which this substance, when near 
one of the poles, is attracted by it in consequence of magnetic 
induction. We must first establish some point of view, in which 
we may compare this magnetism, which is specifically dependent 
upon the nature of the substance, as it occurs in the case of dif- 
_ ferent substances. In so doing, by commencing with any one 
_ substance, its intensities may then be expressed by absolute 
numbers, as has been done for instance with specific heat. 

2. If we take a watch-glass and grind its margin to fit a flat 
glass plate so that the latter accurately closes it, we may fill it 
_ with a liquid above the margin, and then skim this off with the 
flat glass forming the cover. We are then certain that any in- 
_ closed liquid having the same form occupies exactly the same 
_ volume. If we fill the watch-glass with two different fluids 
_ Successively, and if this is then equally attracted by the pole of 
_ a magnet, to which it is in each case exposed in a similar man- 
_ ner, both fluids are in the same degree magnetic. If the attrac- 

tion of the two fluids is at all different, we consider the intensity 
~ of their magnetism as proportional to this attraction. The proof 
_ of this will be theoretically and experimentally given in the next 
_ paragraphs. 

3. If for instance the two fluids are solutions of different iron 
compounds, and if equal volumes of each contain the same num- 
ber of atoms of iron, in both cases these atoms are distributed in 
the same manner within the watch-glass, and have exactly the 
Same position as regards the pole of the magnet; the proportion 
of the attraction of the whole volumes of the liquid may then be 
regarded as the proportion of the magnetism of the atom of iron 
in both the chemical compounds. For when two extremely 


* Translated by Dr. J. W. Griffith. 
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minute particles of any magnetic substances, placed in succession 
at the same spot, experience attractions, which stand in any 
relation, this relation is not altered when both the particles are 
placed in succession in any other spot, provided it be the same for 
both; an admission which must necessarily be made, if magnetic 
forces diminish in any definite way with the distance. It then 
follows mathematically from this admission, that the relation of 
the attraction of the entire mass is also the relation of the attrac- 
tion of the individual atom; supposing merely that the magnetic 
attraction of each individual atom is not disturbed by the mag- 
netic excitement of the remaining atoms, and that the attracted 
mass does not by its reaction increase the magnetism of the pole 
of the magnet. On this supposition, the relation of the attrac- 
tion of the masses remains unchanged even when the form of 
the watch-glass is exchanged for any other form, provided it 
remain the same during the comparison of the attractions with 
each other. 

If, where previously there existed only a single atom of iron, 
there are now two or three of the same atoms of iron, or in other 
words, if in the same space twice or thrice as much iron is uni- 
formly distributed in a definite chemical compound, according to 
the above method of deciding the magnitude of the attraction, 
inasmuch as it emanates immediately from the pole of the magnet, 
it is evidently twice or thrice as great. 

4. When the substance to be examined as regards magnetism 
is of a greasy or waxy consistence, the watch-glass may be com- 
pletely filled with it in the same manner as with fluids, as may 
also be effected when it is susceptible of reduction to fine powder, 
In the latter case, for the purpose of diminishing the attraction, 
the powder may be mixed with extreme uniformity with fresh 
hog’s lard, and the mixture placed in the watch-glass. 

If, for instance, we take on the one hand finely divided iron — 
and on the other finely divided nickel, both at first in the same 
atomic number, or secondly in equal weight, and mix it with 
a given quantity of lard, and then fill the watch-glass with the 
mixture, the relative of the attractions in the first case gives 
the relative of the magnetism of the atoms of the two metals, or, 
in the second supposition, the relative magnetism of these metals 
when of the same weight. r 

5. To determine the strength of the attraction, I place the 
watch-glass with its contents and its cover in a thin ring of brass, 
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suspended bythree silk threads about 200 millim. in length from a 
balance, which is sufficiently delicate to indicate a millegramme, 
_ and which, excepting the axis of the beam, contains no iron. To 
increase the action when the forces are weak, the glass is not 
_ brought into contact with one only of the two poles of the great 
 electro-magnet, but the two keepers (C)* are applied to it, and 
_ these are approximated by their rounded ends in such a manner 
that their least distance apart amounts to 6 millim.; and the 
balance is so adjusted, that the watch-glass in the ring, when the 
_ balance is counterpoised, simultaneously touches each half of 
the keeper, and this at a single point. After the excitation of the 
_ magnetism the watch-glass is attracted. In the scale suspended 
_ at the other end of the beam, small leaden shot and then fine 
sand or thin paper in small fragments are placed, until the 
watch-glass is drawn away from the halves of the keeper. This 
takes place with the greatest uniformity ; and when the forces 
are small, after some practice, the results of the different weigh- 
_ ings do not differ from each other by more than 2 millegrammes. 
The weight of the shot and sand or paper added is the measure 
of the magnetic force in each case. 
‘4 6. As we are able to compare the intensity of the magnetism 
_ of different magnetic substances, so we can also determine the 
relative intensities of the diamagnetism of different diamagnetic 
_ substances. For this purpose we require merely to measure the 
_ repulsion which such substances experience from the pole of a 
i magnet; and here we may again most conveniently make use of 


paragraph. With this view we may at once counterpoise the 
_ substance to be tested, so that it comes into contact witb the 
_ two portions of the keeper; and after it has been repelled by 
the excitation of magnetism in the electro-magnet, it may be 
gradually loaded until it again comes into contact with the two 
‘portions of the keeper; or when the magnetism is excited, we 
might adjust the balance as above ; and when the substance, in 
consequence of the interruption of the current, ceases to be re- 
pelled by the portions of the keeper and comes to rest upon 
_ them, place weights in the pan until the substance again com- 
‘mences to move from the two portions of the keeper. However, 
Ihave decided in favour of another method, which permits of 
much more accurate determination. 

* Compare page 554. 
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My watch-glass and the brass ring in which it is suspended 
are both magnetic; therefore if I place any diamagnetic sub- 
stance in the former, the attraction which we observe is the 
excess of the magnetic attraction of the two former over the 
diamagnetic repulsion of the latter. This attraction was stronger 
than the diamagnetic repulsion of almost all the substances I 
examined, so that the filled glass was always retained by the two 
portions of the keeper, and could be pulled off like a magnetic 
body. If then we subtract from the attraction of the empty 
glass the smaller attraction of the glass filled with a diamagnetic 
substance, we obtain the diamagnetic repulsion, which the latter 
experiences by the electro-magnet. In this manner we are able 
to compare the diamagnetism of different fluids of the same 
form and volume, and of any bodies to which by fusion or 
otherwise we can impart the form of the interior of the watch- 
glass. 

7. To give the idea of the determination of a molecular mag- 
netism laid down in paragraphs 2 to 4, and its relative intensity 
in different substances a sure basis, we must first of all show 
experimentally that when in the same volume having the same 
boundaries in one case m times as many magnetic molecules of 
the same substance are uniformly distributed as in any other case, 
the resulting magnetic attraction in the one case is also m times 
as great as in the other, so long at least as the magnetic particles 
are not so close together that magnetic excitation of one portion 
of the mass can exert a perceptible influence upon the magnetic — 
excitation of the other portion. 

8. I first took a somewhat concentrated solution of protochloride 
of iron, and mixed one part of it with an equal volume of distilled 
water, so that the mixture in the same volume contained only — 
half the original solution of the chloride; hence also only half — 
the original quantity of the chloride and half only of the original — 
quantity of iron. This mixture was again diluted to twice its 
bulk, and the solution thus obtained again diluted to two vo- 
lumes. Hence in the four solutions which we shall denote by 
I. IL. III. and IV., the quantities of the uniformly distributed — 
magnetic ee were in the following proportions :-— 

S242 ie 
The watch-glass previously mentioned was first used in the | 
empty state, then filled with distilled water, and lastly with the 
four solutions in succession ; the adjustment being the same as” 


ee 


ee 


Rhian Tbe 
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that described in paragraph 5, the force with which the mass in 
each case, when exposed to the two half keepers, was attracted 
by them, was determined. To excite the magnetism in the large 
electro-magnet, six platinum elements were used; the exciting 
liquid consisted of commercial nitric acid, and of sulphuric acid, 
the latter being diluted in the proportion of 1:12 according 
to volume*. The intensity of the current during the continuance 
of the experiment was constant. The weights required for the 
withdrawal were for— 


2 rms. 
The empty watch-glass (with the cover and ring) 0°40 
The watch-glass with distilled water . . . . O28 
j “i ee the SOMILION V. co foe ar Oe 
4 ve oes “re Srbhdsgdl «| Oral pesieenernis ey 3: 


vee eee vee weele otaer) eat feat a eee 
eee eee eee Prag! buy Sled eat i | iy’ 


If we deduct from the three weights last determined the 
attraction of the watch-glass cover and brass ring, we get 
the attraction of the four solutions I.to [V. But whilst in these 
solutions the protochloride of iron is magnetically attracted, the 
water they contain is diamagnetically repelled, and the attrac- 
i tion determined above is the excess of the attraction over the 
‘ repulsion. 

__ From the two first weighings we find for the diamagnetic 
_ repulsion of the water filling the entire cavity of the watch-glass, 


0°12 grm. 7 


_ Thus if in all the solutions we neglect the volume of the proto- 
"chloride of iron in comparison with the volume of water, in doing 
, which the greatest error occurs with the strongest solutions, in 
4 each case 0°28 grm. must be deducted instead of 0°40 grm. But 
* we proceed more accurately when, instead of the protochloride 
of i iron, we regard the solution I. as the original magnetic sub- 
stance, to which in the following solutions water is added in 
even oS The volumes of the water added amount to 
@ 4, and % of the whole volume, and hence the corresponding 
Diced: repulsions, when the water is uniformly diffused 
through the entire space, are as follow :— 

a 0:06 grm. 0°09 grm. 0°105 grm. 


_ * About the same proportion was used in all the experiments described in 
this memoir. 
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Thus we obtain the following numbers as representing the 
attraction of the original solution of the protochloride of iron in 
I. to IV. :— 

grms. grms. grms.  grms, 

I. 3°94—0°40 =3°54 

II. 2°14—0:40+0°06 =1:80 
III. 1:23—0:40+0:09 =0:920 
IV. 0°72—0°40+0°105 =0°425. 

The attraction of I. is exactly eight times that of IV., and 
in general the attraction is almost in proportion to the amount of 
the magnetic substance. Assuming this proportionality as a 
basis, if we calculate the attraction of IV. by dividing the sum 
of the attractions by 15, and then calculate the attraction of the 
other solutions, we have— 


I. 3°566 Difference —0:026 


Mii 733 +0°017 
III. 0°891 +0°029 
IV. 0°446 —0°021 


The differences are so small that they fall within the limits of 
errors of observation ; and thus it is confirmed that the attraction 
of the solution of the protuchloride is in proportion to the quantity 
of the latter, presupposing that it 1s uniformly distributed through 
the same space. 

9. In a second experiment, very finely divided iron was pro- 
cured from a chemist’s shop, and 


16 grm. O'S grm. O04 grm. O'2 grm. O'l grm. 


of it in each case triturated in a mortar with 25 grms. of fresh lard — 
until it formed a mass which was homogeneous in appearance. — 
We shall denote the five mixtures by I. II. III. TV. and V. The i 
watch-glass was first filled with pure lard, and was then attracted t 
by the electro-magnet, which was Ser in exactly the same 
manner as in the experiments detailed in the last paragraph, with _ 
a force of ; 
0°25 grm. 
The watch-glass was then filled with each of the five mixtures in 
succession, and the weight of the mixture in the watch-glass_ 
(from which the amount of iron contained in it was calculated), 
and lastly, the weight necessary to overcome the attraction of 
the watch-glass were determined. By these means the following 
results were obtained :— zi 
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Weight of the mixture. Quantity of iron. Attraction. 
grms, grm, grms. 
F. L070 0°6848 259°95 
II. 10°65 0°3408 133°60 
III. 10°55 0°1624 64°73 
TV. 10°35 0:0828 34°65 
Ve tO 1S 0°0406 15°95 


’ The numbe 


rs in the last vertical column give the attraction of 


the iron in the different fatty mixtures : 


they represent the 
_ weights requisite for the separation of the 


watch-glass, minus 
_ 0°25 grm., whereby, without incurring a perceptible error, we have 
_ assumed that the amount of the diamagnetic lard remained the 
same throughout. 
If we start from the assumption that the attraction of the iron 
in the different fatty mixtures is in proportion to the mass of 
_ iron, we need only divide the numbers in the third vertical 
_ column by those in the second to obtain the force with which, 
_ in the above experiments, a gramme of iron is attracted. In this 
way we obtain the following numbers :— 


i grms. 
; S793 
II. 392:0 

III. 398°5 

IV. 406°5 

V. 394°8 


As there is ground for believing that the differences do not 
_ arise from errors in weighing, we take the mean of these weights 
_ which amounts to 
394°2 orms. 
___ If we now calculate the attraction of the different fatty mix- 
tures, we obtain the following numbers instead of those previ- 
_ ously obtained :— 


t grms. . grms. 
I, 269:95 Difference —10°0 
II. 134°34 — 0°74 
4 Ill. 64-02 + O71 
; IV. 32°64 + 1°01 
> V. 16°00 — 0°05 


_ The differences, which can by no means be attributed to errors 

in weighing, become less in consequence of the observation, that 

the intensity of the current at first increased and at last dimi- 

nished, The increase and decrease was certainly not directly 
3c 2 
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measured; but the approximative estimation explained the above 
deviations, and the weight of the first weighing only would 
remain slightly below that given by calculation, when we assume 
the subsequent weighings as a basis. 

10. Instead of controlling the intensity of the current by which 
the magnetism was excited in the electro-magnet by the insertion 
of a galvanometer in the ordinary manner, another method of 
proceeding appeared to me far preferable for our peculiar object. 

During the weighings described in paragragh 8, the intensity of 
the current remained unchanged, which was known by the mag- 
netism excited in the large electro-magnet remaining the same. — 
Since the two portions of the keeper when applied could not be 
removed or even disturbed during the entire continuance of the 
experiment, an iron cylinder, the upper end of which was pointed 
conically, 27 millim. in height and 25 millim. in diameter, was 
placed upon one of the keepers at any accurately determined spot, 
and its magnetism estimated by the weight which was requisite 
to withdraw from its apex a small and also pointed iron cylinder 
weighing 1°7 grm.,and which was 16 millim. long and 4°5 millim. 
thick. This determination was effected by the aid ofa balance. In 
these experiments, when the larger cylinder was supported upon 
one half of the keeper, in contact with the centre of that upper 
edge of it which was parallel to the equatorial plane and at the 
greatest distance from it, it amounted to 352 grms.; and this 
weight did not yary throughout the entire duration of the obser- 
vation more than 1 or at the most 2 gramm 

The determination in question can be dtected | in two ways. — 
When more weight is gradually added until at last the small — 
iron cylinder is drawn aw ay, the magnet now no longer supports _ 
the same weight as it was in a condition to support before the i 
separation, rs it is all applied at once. To find the intensity of | 
the magnetism, we may take either the former weight, which cor-_ 
responds to the gradual loading, or the weight whee it imme-_ 
diately supports. I prefer the former, because it allows of a more | 
accurate determination. In the above instance, the difference 
in the two determinations amounts to some grammes ; whilst 
the error, of which the first method of determination is aus 
tible, is at the most two decigrammes*. 

11. In the different points of the approximated halves of thal i 


S 
* M. vom Kolke, in his Inaugural Dissertation, which has just appeared, en= 
titled De nova magnetismi metiendi methodo ac de rebus quibusdam hac metioa 
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keeper, the intensity of the magnetism produced by polar in- 
duction by no means increases in the same proportion as the 
intensity of the current. Hence if the object be not to de- 
termine merely whether the magnetic attraction remains the 
same, but also to correct the forces which are requisite for the 
withdrawal of the watch-glass from the halves of the keeper, with 
_ regard to slight variations in the intensity of the current, the 
: method of proceeding described in the last paragraph is no longer 
applicable. We must then substitute for the small pointed iron 
cylinder a watch-glass filled with some magnetic substance, re- 
_ sembling as much as possible that in which the other substances 
were placed when tested in regard to magnetism ; and whilst in 
the balance, it must be allowed to be withdrawn from time to time 
_ from the two halves of the keeper in exactly the same manner. 
_ The weights requisite to effect this evidently afford a measure 
_of the intensity of the magnetism in action during the experi- 
_ ments in question ; they may evidently be considered as pro- 
_ portional to these weights; and hence when the intensity of the 
_ current varies, they may be corrected. 

The necessity of the new method of determination is evident 
_ from the weighings detailed below, which were made for this 
_ purpose. Once under the same conditions as in the previous 
_ paragraph, the force which was requisite for withdrawing the 
small iron cylinder was determined; and on another occasion, 
_ the force, with which a watch-glass containing the fatty mixture 
_IIL., consisting of 1000 parts of lard to 16 of iron, when applied 
_ to the approximated halves of the keeper, was retained by them, 
; hen four freshly-filled cells were used in succession to excite 
the magnetism, the following results were obtained :— 

_ Number of cells. Attraction of the cylinder. Attraction of the watch-glass. 
% 


» grms. grms. 

5 l 100-4 15°46 
3 2 178°9 34°15 
% 3 239°6 50°15 
a. 4 294°8 60°40 


12. The supporting power of a magnet is a completely indefi- 
‘nite expression, principally because the mass of the keeper sup- 


‘inventis, applies this method to determine numerically the distribution of the 
‘magnetism in the surfaces of the poles of the large electro-magnet, in keepers 
and in steel bars, to measure the influence of the inducing action of poles of the 
same and of different names, and, in my opinion, has obtained results which 
decidedly deserve the preference over those obtainable by other methods, espe- 
cially those of Coulomb by steel magnets. 
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ported exerts the most decided influence upon it ; and by varying 
the mass, this supporting power may be increased a hundred or 
a thousand times. And how can we determine this mass in dif- 
ferent magnets so as to be enabled to compare their supporting 
power? Moreover, so long as the magnetic polarity excited in 
the iron of the keeper or the entire body attracted reacts to the 
augmentation of the power of the electro-magnet, and lastly, so 
long as one portion of the attracted body acts upon the other so 
as to excite magnetism, so long will a comparison of the intensity 
of the attractive forces, which the magnet exerts upon the differ- 
ent magnetic substances, be out of the question. 1 believe, 
however, that after the previous remarks we may admit without 
hesitation, that the disturbing influences in question are not 
present when iron or nickel, in a state of fine division, is uni- 
formly diffused in not too large quantity through a substance 
which is but little susceptible of the influence of the magnet, as 
lard ; or when the solution of a salt of iron or nickel is used. I 
believe that I am justified in assuming that the attraction of the 
entire mass is then equal to the sum of those attractions, which, 
when we divide this mass into parts, the magnet would exert 
upon the parts individually, even if the other portions were not 
present. 

But our method of determining the relative magnetic inten- 
sities of different substances would retain its full value, even if © 
the action of the reciprocally inducing portion of the attracted 
mass did not vanish; but the volume and the limits remaining 
the same, is proportional to that force with which the magnet — 
attracts the different substances. 

13. We may easily become satisfied, by a simple experiment, 
that the attraction of a compact mass of iron by a magnet is not — 
the sum of those attractions which are emitted by the magnet to © 
the separate parts of the mass, but that the disturbing effects of — 
induction are also present. ‘Thus if we place an iron rod upon — 
the pole of a magnet, a certain weight A is requisite to withdraw — 
it. If we then cut the rod into two pieces, and place the lowest 
piece upon the pole exactly as before, but the upper piece upon 7 
any non-magnetic support, which keeps it at its former distance — 
from the pole, we can again determine two weights B and ce 
by the balance, which are requisite for the witht of the 
two parts. We then find,— 

A>B+C., 


in AOR Ge 


« 
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ee 


- 
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By the inductive action of the two portions upon each other, 
the attraction is here also increased. 

14. Our views allow of our determining the interfering effects 
of induction in each of the present cases. 

For the purpose of measuring the more powerful attractions, 
I had a brass cup made of the shape of a watch-glass, and its 
upper margin was ground, so that it might be filled with liquids 
and powders, exactly like the above-described watch-glass. A 
massive piece of iron accurately fitted its cavity: this could be 
removed and replaced by other substances; for the present pur- 
pose these were finely-divided iron, and a fatty mixture consisting 
of twenty-five parts of lard to one part of the iron-filings. ‘lhe 
adjustment was as before, the distance of the heavy rounded 
keepers 6 millim.; the only difference was that the cup was not 
immediately laid upon the keepers ; but to diminish the force, a 
glass plate 4 millim. in thickness was first placed upon the keepers, 


_ and the attraction at this point measured. The magnetism was 
_ excited by one Grove’s element with nitric acid which had been 
_ once used. The following are the results :— 


% 
> 


Tms. 
I. Weight of the ironinthecup .. . 81-0 
Its attraction .. le, oi, Da POPS 
II. Weight of feelings in the CUP) he jusy BBBS 
simtattractioney: Slo Fai) oR GEO 
III. Weight of the fatty mixture in the cup 10°00 
Ge aitrdvtion.' Fits) OAM fs Vie i ESBO 


The attraction of the cup itself with the glass cover, which 


amounted to 8°36 grms., has been deducted throughout. 


Hence, when we calculate the attraction which one gramme 
of i iron experiences in the three separate weighings, we find— 


grms. 
I. for the massive piece ofiron . . . . 27°00 
II. for the iron- -filings save > Xie cae eae 


III. for the same in the fatty mane ee SS 


It is thus seen that the disturbing action of induction dimi- 


-nishes the total attraction of the molecule of iron. If we admit 


that this disturbing action vanishes in the case of the fatty 


‘mixture, which is at least approximatively correct, the attrac- 


tion of the piece of iron and of the iron powder, independently 
of the disturbing effect of the induction, as it immediately arises 


724 PLUCKER ON THE DETERMINATION OF THE 


from the electro-magnet, and which we shall call the normal 
attraction, would amount respectively to 


2795°68 grms. 1114°25 grms. ; 
consequently the disturbing effect of induction is respectively 
—608°18 grms. —118°25 grms. 
If we consider the normal attraction as equal to unity, this 
amounts relatively to 
0°186 0°089. 


15. In the example given in paragraph 13, the disturbing action 
of induction increases the normal attraction ; in the example 
contained in the previous paragraph, it diminishes it. If in the 
latter instance we had withdrawn the cup from the surface of 
one of the poles instead of from the two portions of the keeper, 
we should, on the other hand, have obtained a disturbing effect of 
induction, which would have increased the normal attraction. 
Experiment evidently confirms this; I shall not, however, detail 
any numbers, because the exact estimation of the weight is at- 
tended with some difficulty arising from disturbing influences. 

If we imagine two iron bars to be placed one upon the other 
on the same pole, in consequence of the original action of the 
electro-magnet, poles of different names become excited at the 
place of contact, and mutually strengthen each other. But if two 
rods, forming a bridge from one pole to the other, are superim- 
posed, the poles of the same name are excited at the corre- 
sponding ends, in consequence of the original action ; and these 
poles become weakened by their mutual action. Thus, while in 
the first instance the disturbing action of induction necessarily 
augments the magnetism excited in the iron, in the second case 
it must weaken it. 

In this way the whole appears to be perfectly explicable*. 


§ 2. Comparison of the Intensity of the Magnetism of different 
substances. 


16. The method of determination used consists, as stated in — 
the preceding paragraphs, in placing different magnetic substances _ 
in the same space in a watch-glass closed by a cover; then, the © 


* Hence it is very probable, that in the experiments with the lard, detailed F 
in paragraph 9, the difference occurring in the first fatty mixture really arises 
in part from the disturbing action of induction, 
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intensity of the current being constant, the force with which 
these substances are attracted by the electro-magnet is the relative 
measure of their magnetism. If we divide it by the weight of 
the substances, we obtain numbers which represent the relative 
intensities of the magnetism of these substances for equal weights. 

We here enter upon a new field of physical investigations, and 
a number of questions arise, the answers to which are of mani- 
fold interest,—questions which partly encroach upon the pro- 
vince of chemistry. Hitherto I have only been able to procure 
pure oxide of nickel, but not pure nickel itself, nor the other 
magnetic metals except iron. My investigations must therefore 
first be confined to iron and its chemical compounds. In what 
proportion is the original magnetic force of the iron diminished 
when oxygen is added to it to form the peroxide? how, again, 
when water is added to the oxide as in the hydrate? when the 
oxide has combined with different acids to form salts? What 
relations do the salts of the peroxide hold to those of the pro- 
toxide? What must the chemical composition ofa salt contain- 
ing iron be so that it may cease to be magnetic? 

17. I shall first communicate the results of two series of expe- 
riments, which may be condensed into one, because the electro- 
magnetism, which was excited by six Grove’s elements, was in 


_ each case of the same intensity, and made but very slight varia- 


_ tions. The weighings were not made until in each case the bat- 
_ tery had been in action for some time, and after each weighing 
_ the circuit was opened. The first series of experiments related 
_ to aqueous solutions of salts of iron. I took—1, pernitrate of 

iron, which had been prepared by pouring excess of concentrated 
nitric acid upon the peroxide of iron denoted by II.; 2, per- 
chloride of iron prepared from the same oxide with concentrated 
_ hydrochloric acid; 3, dry neutral persulphate of iron from the 
chemical laboratory, which dissolved very slowly in water; 4 
and 5, protochloride and protosulphate of iron, prepared on the 
_ morning of the performance of the experiment by pouring hy- 
drochloric and sulphuric acid upon finely-divided iron: all the 
solutions except the latter were saturated. The watch-glass 
described in the second paragraph was filled with the differ- 
ent solutions in succession, and subsequently the amount of iron 
contained in that quantity of each of these solutions which was 
used in the experiment was determined. The attraction of the 
solutions by the electro-magnet was compared with the attrac- 
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tion of a fatty mixture containing 2 parts by weight of iron to 
100 of lard. 

With this mixture, in the second series of experiments, differ- 
ent peroxides of iron were first compared; the first (I.) was 
prepared in a chemical laboratory ; the second (IJ.) in the che- 
mical manufactory in this town, which is specially devoted to 
this purpose; the third was fibrous red hematite (reniform) ; 
the fourth a beautiful crystal of micaceous iron ore from Elba: 
next three hydrated peroxides of iron; first, that from which 
the oxide I. was procured, and which, by a direct determination, 
contained 24°24 per cent. of water; secondly, brown hzematite ; 
and thirdly, artificial blood-stone, which, according to a subse- 
quent determination, contained 11°55 per cent. of water; more- 
over, a beautiful crystal of pyrites; lastly, protoxide of nickel 
and its hydrate, the latter containing 24°75 per cent. of water, 
according to an approximative determination. All these sub- 
stances were finely powdered ; and when compressed as uniformly 
as possible, were placed in the watch-glass and their weight de- 
termined. Both the peroxides of iron, the red ironstone and 
the protoxide of nickel, after having been powdered, were dried 
at a temperature of 212° F. immediately before use. 

18. The results obtained are collected in the following table. 
The first column (A) contains the directly determined weight of 
the various substances examined ; the second (B) the quantity of 
metal they contain. These quantities were determined in the 
case of the five solutions by chemical analysis, but were calcu- 
lated for other metallic compounds. The ¢hird column (C) con- 
tains the total attraction of the substances examined. Here in 
each case 0°41 grm., i. e. that weight by which the empty watch- 
glass was withdrawn, was deducted from the weight which caused 
the filled watch-glass to separate. The fourth column (D) gives 
the quotients which are obtained by dividing the total attraction 
by the weight of the substance ; hence the relative proportion of 
the magnetism of the substance for the same weight. The fifth 
column (E) gives the relative proportion of the magnetism of the 
iron or nickel in the various chemical compounds. ‘This is im- 
mediately obtained for the solid matters by dividing the total 
attraction by the weight of the metal they contain. With regard 
to the solutions, however, bearing in mind the diamagnetism of 
the water they contain, a slight correction must be made in the 
total attraction C. But instead of calculating, as in the eighth 
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paragraph, the quantity of water in each solution and the corre- 
sponding diamagnetic repulsion, we shall, for the sake of sim- 
plicity, approximatively increase the total attraction of each of 
these solutions by 071 grm. 


A. B.* Cc. D. E. 

grms. |grms. |grms. | grms. | grms, 
Pernitrate of iron. Solution............ 14°55 | 1-212) 2-502) 0°172| 2-064 
Perchloride of iron. Solution ......... 16°475| 2-213) 8-240) 0°500| 3-723 
Persulphate of iron. Solution ......... 18-25 | 2-243) 5-335) 0-292] 2:379 
Protochloride of iron. Solution ...... 16°535} 2°825| 7-095) 0°429| 2-501 
Protosulphate of iron. Solution ......]......... 0:445| 1°350)......... 3034 

Lard mixture, 50:1. Solution ......| 8°225) 0-161) 82°37 |......... 510°74 

Peroxide of iron I. Powdered ...... 12-188} 8-532) 31-210) 2-561) 3-658 
Peroxide of iron II. Powdered ...... 14-825] 10-377| 21-690) 1-463! 2-090 
> Red ironstone. Powdered ............ 28°55 | 19-985) 19-596) 0-686} 0-981 
Micaceous iron ore. Powdered ...... 33°72 | 23-604) 91-755) 2:721| 3-887 
Hydrated peroxide of iron. Powdered) 16-50 | 8-750) 13-288, 0800; 1-513 
Brown ironstone. Powdered ......... FEF Os casencss 8-240) 0-363 | ......... 
Artificial blood-stone. Powdered ...| 12:45 | 7-708) 9-618) 0°773)| 1:°235 
Sulphuret of iron. Powdered ......... 25-22 | 11-770) 19-417, 0°770| 1-650 
: Protoxide of nickel. Powdered ...... 14:65 |11°531| 2-630) 0:180| 0-228 
i ee emi ofnickel. Powdered} 11°125 pa 6:055) 0°544| 0-921 


19. In a preliminary experiment, the magnetism of four of the 
above substances had been already compared with the magnetism 
_ ofthe iron. To control the accuracy of the method, I shall 

give the results here, so as to allow of the comparison of the 
| more recent with the earlier results ; at the same time I shall 
‘ limit myself in the following table to the columns A, C and D. 


4 A. €. D. 
grms. grms. | grms. 

ss Bardi mixture: 25: V ..sissseseleeade cen 11-57 | 232-14 | 521-75 

; Peroxide of iron II. Powdered ...... 15°12 22:94 | 1-517 

| Red hematite. Powdered ............ 28:07 | 19:52 | 0-696 

5 Micaceous iron ore. Powdered ...... 34:17 91:20 2-669 

Y ao hematite. Powdered .....,... 24-79 9°37 0:378 


20. Still earlier, with a current of less intensity, I had com- 
_ pared the magnetism of the hydrated peroxide of iron of the 


_  * The weights of the quantities of the peroxide obtained from the five solu- 
_ tions mentioned in the above series amounted to 


grms. 
H 1-731 
3-162 
F 3-204 
: 4-036 
, ' 0°636 


I am indebted for these determinations, as also those detailed in the note to 
paragraph 22, to the kindness of M. D, Brandis. 
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table in the eighteenth paragraph with the magnetism of the 
oxide obtained from it by heating it to strong redness in a furnace, 
which I shall designate by III., as also with the magnetism of 
the neutral persulphate of iron in powder, also prepared from it, 
and which was afterwards dissolved in water. The oxide I. was 
subsequently prepared from the same hydrate. The results 
found are contained in the following table :— 


A. Cc. Dz. 
ms. grms. grms. 
Hydrated peroxide of iron...........s0++ 14-47 7-94 0534 
IPETOXIOG Of ITOD).c5c-ysense> osetker ceaes sce 12:35 | 650-68 | 52-687 


eeelplinte OPATOME-cestsenesvsesesews eve 13:10 4:95 0:379 


21. Since according to the table in the last number the rela- 
tive magnetic deportment of the protowxide of nickel and its hy- 
drate, according to our present notions of magnetism, appear 
contradictory, a separate examination was subsequently again 
made. On using six elements and the same watch-glass, the 
following results were then obtained :— 


J dull Gy D. 
grms. grms. . 
Oxide of nickel. Powdered............ | 14-96 2-58 0173 


Hydrated oxide of nickel. Powdered | 11-07 6:00 | 0-542 


From the earlier experiments we obtain for the relation of the 
magnetism of the protoxide of nickel and its hydrate,— 


544 


we now find for the same,— 
542 
—— =3'132. 
173 ? 


The numbers agree sufficiently. 

Although the protoxide was obtained from the hydrate, it 
nevertheless appeared to me desirable to convert the same hy- 
drate, which had been used in the experiments, into oxide, 
and then to examine it. The above 11°07 grms., immediately 
after the determination of their magnetism, were heated to red- 
ness in a platinum crucible for a long time, whereby the weight 
became reduced to 8°38 grms. The protoxide thus obtained was 
placed in the same watch- glass, but this it did not now completely 
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fill; it experienced an attraction of 2°94 grms.; although, if the 
protoxide were the only magnetic agent in the hydrate, this 
attraction should have exceeded 6 grms., because the protoxide 
was now comparatively nearer the magnet. 

However, the attraction of the freshly-prepared protoxide of 
nickel exceeded the attraction of the original; perhaps because 
the expulsion of the water was still not complete. 

22. Lastly, a third series of experiments was made, the results 
of which I shall collect in the following table, which corresponds 
to the former one. The magnetism in this case also was excited 
by six Grove’s elements. 


A. B.* Cc. D~. E, 
" |grms. jgrm, /grms. grms grms. 
PEPACH CON, 20 LAT. sc,c.c.cscsecoonsscecnens 10-850) ...... 210:866) ......... 505°300 
1 part magnetic iron ore, 25 lard ......... 11-000) ...... 86-135) 203592 
Gray oxide of manganese before being | | ga. : ? 
heated to redness. Powdered. 23°901) ...... 8-470) = Ors54 
Gray oxide of manganese after being | | 99. ; f 
heated to redness. Powdered. 22869) ...... 18570, 0:812 
Crystals of protosulphate of iron. Pow- : : ; 
Bhcad: 15:97 8 | en... 6300) 0-394 
Protonitrate of nickel. Solution .........|........- Ss WADO ene cones 1-053 
Protochloride of nickel. Solution ......|......... 1673\— 1830) tiescce. 1/095 


The attraction of the empty watch-glass, the former with an- 
other ground glass cover, simultaneously with this and the brass 
ring, amounted to 

0°375 grm.; 
and when filled with lard only, to 

0°240 grm. 
From the attractions found by the direct weighings, the latter 
number has been deducted in the case of the lard mixture in the 
third column, and the former in the case of the powdered sub- 
stances: in the solutions, making an approximate allowance 
for the diamagnetism of the water, we deducted 

0°275 grm. 

The attraction given in the column D refers, in the case of the 
(as finely as possible) powdered magnetic iron ore, to this inde- 
pendently of the lard mixed with it. 


* The weights of the quantities of protoxide of nickel obtained from the two 
solutions were respectively— 
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The gray oxide of manganese consisted of very beautiful 
crystals in powder, in which iron could not be detected by ferro- 
cyanide of potassium. It appeared, in correspondence with the 
well-known analysis, to consist of pure hydrated oxide of 
manganese. Immediately after the experiment, it was heated 
to strong redness over a spirit-lamp to remove its water of hy- 
dration. 9°388 grms. lost 1:164 grm. in weight. The loss in 
weight corresponding to an atom of water would have amounted 
to exactly 10 per cent.; that found amounts to 12°40 per cent. 
This agrees well with the statement of Berzelius, that hydrated 
oxide of manganese, when heated to redness, becomes con- 
verted into protoxide of manganese, which would require a loss 
of 13-2 per cent. Since the heating to redness between the 
weighings should take place upon the same quantities, it could 
not be perfectly complete. 

‘The crystals of the protosulphate of iron were taken out of the 
solution in which they had formed immediately before the expe- _ 
riment, dried in the air upon bibulous paper for half an hour, 
and then powdered. The powder, moist as it was, was placed 
in a watch-glass; hence but very little of the water which the 
crystals contained could have escaped. 

The solutions of the salts of nickel used in the experiments 
were prepared by dissolving the hydrated oxide of nickel already 
mentioned in acids. 

23. From the two previous tables I have calculated the fol- 
lowing one for the comparison of the intensity of the mag- 
netism of different substances, both separately, as also in che- 
mical combination with others, placing the intensity of the 
magnetism of iron as = 100,000 :— 


ie From "{. 6 fy OB SPE Ee ee Oe 
2 Magnetic ironieré!. Yes SEES P.O 
35 Peroxide ‘of ron h, 2.8 ote). “PR ae 
4. iste CORO os chseate ae 286 
Bs, Red, hematite jy stow sala 98) Cc yorellend eee 
Ga Wicacenus Jron. Gre. sciee cscs Pods dee de dhs ee a ee 
7-. Hydrated peroxide ofjiran.,, 4. sjime)a.m.k) eae 
ee Brown hgmatite 5) Boiss 30 Wheeees ee 71 
9; sArtificial. blood-stemes 3. te ioe el eee 
ips Pry-persulphate of iron: \x,..612/0 8 2: (a 
Sateen Firiol =. wuka laa kite ee ie bee 78 
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Z 
q 

) 

: 


12. Saturated solution of pernitrate of iron . . . 34 
13. ie a perchloride of iron. . . 98 
14. eee wee persulphate of iron. . 58 
1 a5. it protochloride of iron . . 84 
. 16. Grin vitriol in solution . . . ditreih. . 2726 
17. Protosulphate of iron in the form a green vitriol 142 
182 -Pernitrate of iron in solution ©.) wi... 95 
Poe Perchloride of tron: . i nish ss 220 ose) 2B 
mperersulphateof iron! rs) dots 6. Shot) 183 
Seer erotochloride of ironmtew.1 © es ui. jo mete 190 
ee eb rotosulphateof iron joven atin. an wou) 219 
23. Perchloride of iron in solution . . . . . . 254 
paeerotochiovide of iron)... 0.) 0. 2 ve JPI6 
oa. Arou:pyrites 0... salt jer i ee 
26. Protoxide of iron in a men seat «ORI oe 
27. at sulphuric solution . . 462 
28. Per pete ofironasahydrate .. . [3g e2OG 
29. iz dea in the form of blood- eae 2° 6s 
= 30. e ee ina nitric solution ..... 6. 287 
, ak. a! wa in amuriatic solution . . . 516 
32. a ina sulphuric solution. . . 332 
i 33. Iron in eae IPOMAOTCIS ttt orale: TO sesh BODO es 
Meme. peraxide: Tenis ec.0) wd lete., nd Sore Fe 
feeueceoy omeroxide LE. a: gio. os erent ay OD 


emer red) heematitess.) (esd ower ale) cae Sd 
Geese. fH) cmmeacecoussroniore. °s/). 130) oe ttc GR 
38... hydrated peroxide ofiron . . ... . 296 
Bee va. seribinodestone wa Wi spite stiaet .20'. Sant wilt 240 


PM, SDVIIEES ES) oP 's'e AST ee PR ee RR, ae 
41. ... persulphate of iron bi con iotth. Ged Siaae 
42. ... protosulphate of iron . . aie onthe Sao 
43. .. asolution of pernitrate ofiron . . . 410 
44. ..  asolution of permuriate ofiron . . . [737 
45. .. asolution of persulphate ofiron. . . 474 
46. ..  asolution of protomuriate of iron . . 490 
47. a solution of protosulphate ofiron . . 594 
48. Reptonide of, nickel... EP ERODD deo Vii: 35 
49. Hydrated protoxide of nickel 1. Peele eed 106 
50. Protonitrate of nickel in solution . . . . . 65 
51. Protomuriate of nickel in solution. . . . . 100 


52. Protochloride of nickel in solution . .. . lll 
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53. Protoxide of nickel in the hydrate . . . . 142 
54. Protoxide of nickel in a nitric solution . . . 164 
55. Protoxide of nickel in a muriatic solution . . 171 


56. Nickel in the protoxide . . dLstada hepptpcilinng 45 
CVE as the hydrated maton. tae Fe reupewi ABD 
58: ite a nitric.solution. «.. © |. ts ven) 208 
59. = a muriatic solution 6. ))< 9.) to «sy 9217 
60. Hydrated oxide of manganese . . - . - . 70 
61. Protoperoxide of manganese . . . . - + 167 
62. Oxide of manganese as hydrate . ... .- 78 
63. Manganese as hydrated oxide . . . - . . 112 
64. ee = protoperoxide. . . . . . 232 


24. If we reduce in the same manner the results of the table 
in paragraph 19, and arrange them beside the corresponding 
ones which we have previously obtained, we have— 


1. Fi, 
TEOM so csceseonaeascat larnertes 100,000 | 100,000 
Peroxide of iron II. ......... 286 289 
Red haematite .............0. 134 133°5 
Micaceous iron ore ......... 533 512 
Brown hematite ..........+. 71 72 


The agreement of the observations, which were instituted 
under different circumstances, leaves nothing to be desired if we 
exclude the micaceous iron ore. As regards powders, a source 
of error consists in their unequal pressure into the watch-glass ; 
and since it cannot be admitted that in the two months, during _ 
which the powdered micaceous iron ore was exposed to the air, 
it might have undergone a chemical change, I am inclined to 
attribute the difference to the former source of error. 

25. Although iron is of itself so strongly magnetic, it loses its 
magnetism in most of its chemical combinations in so great a — 
degree, that until quite recently, as these were noé attracted by 
the magnet, they were regarded as not magnetic. Ihave not — 
yet been able to examine the deportment of the protowide of 
iron, nor to determine accurately in what proportion the intensity ; 
of the magnetism of iron is diminished in the pure peroxide. On a 
taking different kinds of the peroxide of iron occurring in nature 
and prepared i in laboratories, the results were extremely discord- 
ant. It might be imagined that the different intensity of the 
magnetism in the various kinds of peroxide of iron might be con- 


: 
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nected with their very different appearances, and also to the cor- 
responding very different molecular states in which the peroxide 
is formed both in nature and in the laboratory. Without wish- 
ing to speak positively upon this point, the supposition appears 
to me however as yet best founded, that the different intensity 
of the magnetism arises from an admixture of protoxide. The 
first peroxide of iron which I examined, and which is denoted by 
III. in the 21st paragraph, was procured from the hydrate which 
occurs in the table in the 18th paragraph, by heating it strongly 
to redness in a furnace; it was so strongly magnetic, that it was 
taken up by a very weak magnet. In comparison with the by- 
drate it was a hundred times stronger; hence the intensity of 
its magnetism was 
15204. 

_ This peroxide evidently contains a considerable quantity of prot- 

oxide in admixture. Hence also I think it probable that the 
_ oxide I., the magnetism of which is = 500, is not free from 
_ protoxide, and contains more of it than the oxide II. I dare 
not yet venture to determine, from the above data, the number 
_ which corresponds to the pure peroxide. Red hematite is much 
fi less magnetic than micaceous iron ore; that which I examined 
has not been subjected to a chemical analysis; if it were chemi- 
cally pure, I should consider 134 as about the magnetism of the 
_ peroxide. 

Were we to deduce the magnetism of the peroxide of iron 
_ from the magnetism of the hydrated peroxide of iron prepared 
_in the chemical laboratory, for which we found 156, on the sup- 
Bets that the water which is added to the peroxide in the hy- 


drate exerts no influence upon its magnetism, we should obtain 
the number 206, which by the last assumption, that the red 
Biematite possessed the normal magnetism, would be too great. 
But this supposition is entirely unsupported, and the two num- 

rs would not be inconsistent, if (as in the case of nickel, only 

not in the same degree) the water added to the hydrate increased 
the magnetism of the oxide (protoxide), 
_ 26, The powerful magnetism of the magnetic iron ore is re- 
narkable in more than one respect. That which I examined, 
nd which I obtained through the kindness of M. Noggerath, 
together with other minerals from the Poppelsdorf collection, 
came from Sweden, and, as stated, was pure protoperoxide, con- 

lining therefore nearly 31 per cent. of protoxide of iron and 
69 per cent. of the peroxide. If we were to regard it as a me- 
VOL. V. PART XXI. 3D 
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chanical mixture of peroxide with protoxide of iron, we should 
obtain for the magnetism of the peroxide in the mixture, 
69.134 = 92; 

consequently, on deducting this number from the magnetism of 
the magnetic iron ore, we have the number 40135 for the mag- 
netism of the 31 per cent. of protoxide of iron. If we reduce 
this number to our unity of weight, we get 

132694 
for the magnetism of the protoxide, which would consequently 
exceed the magnetism of iron itself. 

Treating this question as a mathematical problem, we should 
obtain a more probable result, were we to convert the chemical 
formula for magnetic iron ore (FeO + Fe? O%) into the quanti- 
tative equivalent (2FeO + FeO?); for if the magnetic iron ore 
contained 62°01 per cent. of protoxide of iron, and we entirely 
neglected the magnetism of the hypothetical FeO”, we should 
have for the magnetism of the protoxide, after reduction to the 
unit of weight, 


64870. 

27. Shall we, on the other hand, suppose that in the magnetic 
iron ore, by the chemical combination of a powerfully magnetic 
body, the protoxide of iron, with one feebly magnetic, the per- — 
oxide of iron, a body is produced which is still more powerfully 
magnetic than the former? 

I shall not at present venture to express an opinion upon the ~ 
intensity of the magnetism of the protoxide of iron. j 

28. The most natural supposition is, that in most cases a_ 
small quantity of protoperoxide of iron is mixed with the 
oxides. Adopting this view, 1 per cent. for instance of the 
former would augment the magnetism of the remaining 99 per | 
cent. to 402; hence, assuming the magnetism of the red heema- 
tite to be that of the oxide, we should have as its magnetic in- 
tensity 
535, z 
which nearly corresponds to that of micaceous iron ore. Thus _ 
the increase in the magnetism of the latter would be produced” 
by the admixture of about one-third per cent. of protoxide of 
iron. This would only make a difference of about one- twelfth 
per cent. in the total amount of oxygen, which would be difficult 
to estimate by chemical analysis. 

29. In accordance with the view we have taken, we might ca 
culate the admixture of the protoperoxide of iron, if we knew the 
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magnetism of the peroxide under examination. If e.g. we take 
the strongly magnetic oxide III., and premise that it consists of 
# per cent. of peroxide and y per cent. of protoperoxide, we have 
x+y = 100 

1°34 . w + 402°27 . y = 15204; 
hence 

aw = 62°41, y = 37°59; 
whence 
Peroxide = 88°35 
{ Protoxide = 11°65. 
30. Chemical analysis usually points out directly the quanti- 
_ ties only of the simple substances existing in bodies, but the 
; manner in which these are intimately combined is derived merely 
- from a theoretical combination. As regards iron in parti- 
~ cular, the magnetic determination immediately yields a solution 
of the latter point. Tourmaline, staurolite and basalt, which 
when suspended between the poles of a magnet, even in the most 
_ strongly magnetic liquid, do not cease to act magnetically, could 
: not possess this magnetism if the comparatively small quantity 
_ of iron which they contain were mixed with them in the state of 
_ peroxide. 

In the following paragraph we shall show, at least by a 
striking example, how considerable quantities of iron (consti- 
tuting as much as 12 per cent.), when in a state of definite che- 
mical combination, may completely lose their magnetism. The 
_ electro-magnet then ceases to prove the presence of iron, or, 
_ even supposing this presence, the kind of combination in which 
| it occurs. 
| 31. The great difference which occurs in the magnetic relation 
_of the peroxide to the protoxide, in the same way ceases to be 
apparent in their saline compounds. When in solution, proto- 
| sulphate of iron is certainly more strongly magnetic than the 
persulphate, but merely in the proportion of 

: 133 : 219. 
In those haloid salts which we have examined, this relation is 
reversed. The solution of protoxide of iron in hydrochloric acid 
is more feebly magnetic than the solution of the peroxide in the 
proportion of 


190 : 224, 
and the protochloride of iron is more feeble than the perchloride 
the proportion of 

216 : 254. 
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32. In saline solutions the original magnetism of the peroxide 
is not enfeebled by the addition of acids to the latter. 

In the case of its combination with nitric acid, not the slightest 
alteration occurred provided it was added to that peroxide from 
which it had been prepared. The numbers representing the 
magnetism in each case are 287 and 286. However, as the 
latter number, in conformity with the previous investigations 
(28.), is probably too great, the magnetism of the peroxide has 
probably increased by the addition of the nitric acid. 

The magnetism of the peroxide, when in combination with 
sulphuric acid, is greater than when in combination with nitric 
acid, and more considerable when in combination with hydro- 
chloric acid than with sulphuric acid. 'The proportion (in the 
solutions) is 

287 : 332 : 516. 

33. According to the tabular sketch given in paragraph 23, 
the magnetism of green vitriol increases, when it is dissolved in 
water, in the proportion of 

78 2 126. 

The same likewise appears to be the case with the anhydrous sul- 
phate of the peroxide of iron. In this case we obtain the proportion 
Life 133: 

The magnetism of the dry salt is calculated from a previously 
instituted comparison with the hydrate, with which it had been 
simultaneously prepared (that detailed in the general sketch). 

(See the table in paragraph 20.) 

34. In the case of nickel, the 21st paragraph proves the per- 
fectly unexpected relation, that the hydrated protoxide is much — 
more powerfully magnetic than the protoxide itself, the water — 
of hydration added to it increasing the magnetism about fourfold. 

The acid added to the oxide, in a solution of the nitrate and 
hydrochlorate of nickel, as in the case of iron, also augments its — 
magnetism, and the hydrochloric acid more (although not to the — 
same extent as with iron) than nitric acid. __ 5 

35. Manganese exhibits a remarkable analogy to iron. I shall — 
not venture, in the case of either metal, to decide whether the — 
hydrated oxide, as with nickel, is more powerfully magnetic & 
than the mere oxide. But a correspondence with iron consists 
in the protoperoxide, which in the case of manganese is pro- 
duced by heating the hydrated oxide to redness, being consider- 
ably more magnetic than the hydrate, and probably also than the 
oxide. . 
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36. The relative magnetism of the atoms of those substances 
which have been examined may be readily deduced from the 
tabular sketch given in paragraph 23 ; for when we have deter- 
mined the relative magnetism of the iron in the various chemical 
compounds, for ihe same weight, this is also the relative mag- 
netism of the atoms of these substances, provided they contain a 
single atom of iron only. When the compound atoms of the sub- 
stances contain 2 or 3 atoms of iron, we must multiply the num- 
bers given in the table by 2 or 3, to find the magnetism of these 
atoms. Thus, for instance, if the magnetism of the atom of iron 
be placed at 100,000, the magnetism of an atom of green vitriol 
(FeOSO? + 7HO) is equal to 385, whilst that of an atom of per- 
sulphate of iron (Fe? O? 3SO%) is = 2°349 = 698. 

The tabular sketch moreover gives about 45 as the number 
representing the magnetism of the nickel in the protoxide of 
nickel, and the number 180 as that of the hydrated protoxide of 
nickel. The proportion of these numbers is also the proportion 
of the magnetism of an atom of protoxide of nickel and that of 
an atom of hydrated protoxide of nickel. However, to be enabled 
to compare these numbers with those relating to iron and its 


compounds, we must multiply them by ae the quotient of 


the atomic weight of iron into that of nickel. 

For the same purpose we must first multiply the magnetism 
of the manganese contained in the hydrated oxide (Mn? 0% 
_ +HO), for which the table gives 116, by 2, on account of the 
_ double atom of manganese; the magnetism of the protoperoxide 
_ (MnO + Mn? O°), which was determined to be equal to 230, by 3, 
_ on account of the ternary atom of manganese, and then in both 
_ cases the quotient of the atomic weight of the iron into the 
; atomic weight of the manganese b EELS” 

__ * When at one time we speak of the magnetism which a given quantity of 
_ iron in different chemical compounds possesses, and at another of the mag- 
_ hetism of the atoms of these different compounds, we express ideas which arise 
from totally different views. It has however already been stated that both 
ideas stand in exact relation; and this will be still more clearly seen from the 

lowing remarks. 

_ If e.g. we take iron and the peroxide I., we have as the relation of the 
_ Magnetism of these substances, for the same weights, where about a gramme of 
each is uniformly diffused within the watch-glass, by the table in paragraph 23, 
| 100,000 : 500. 


4 deduce the relation of the magnetism of the atoms from this, we must divide 
| the above numbers respectively by the number of atoms contained in each 


ea 
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37. The following table, which indicates the magnetism of the 
atoms of some chemical compounds of iron, nickel and man- 
ganese, has been calculated in accordance with the preceding 
paragraph. 


; S 
| Composition. x rag 
| MELON oer iis sbostc ta tdocetents cAntacusees Fe 100,000 
Zo Magnetic iron: OLE ss.cccasues-ssssesetecee FeO + Fe? 03 166,656 
Sy ELOXAVEIOL INOW Uy. oo osenccdses sei stedecens 1,428 
A. POrGside OLITORILL es ci scddascessscenet ot Fe? 03 818 
Gp Redihsmatitecueecscetsscccnstuisccens. 392 
GO. INGCACEOMS ANON OLE, /<....cs0ssc0ceracsess 1,522 
7. Hydrated oxide of iron..............+... Fe? 03 + 2HO 592 
8. Blood-stone ..........2.. A aEaS: cde eaeb eee Fe? 0+ HO 480 
DGENTILES A deve sacas ch sceatcunsrescsen ste ansans FeS? 321 
10. Persulphate of iron ....-..0c.....0ce00- Fe? 03 3S03 698 
UT Green wittil) .ukickies.cevessbecie zs ced: FeOSO3 + 7HO 385 
12. Protoxide: of nickel <5 ....-:.secs ses ocws NiO 47 
13. Hydrated protoxide of nickel ......... NiO + HO 190 
14. Hydrated oxide of manganese......... Mn? 03 + HO 224 
15. Protoperoxide of manganese............ MnO + 2Mn0# 696 
In solution. 
1. Protosulphate of iron FeOSO# 594 
2. Persulphate of iron . Fe? 03 3803 938 
3. Pernitrate of iron ......... Fe? 0? 3NO5 820 
4. Protonitrate of nickel NiO NO® 219 
5. Protochloride of iron.............0-e0e00 FeCl? 490 
6. Perchloride of iron ........-.00..sce0es Fe? Cls 1,474 
7. Protochloride of nickel...............++- NiCl 229 


I need hardly point out expressly, that I cannot regard the 
numbers in the preceding, as also those in the former table, as 
by any means definitely fixed. They will certainly undergo cor- 


gramme of the two substances, or what is the same, multiply them by their 

respective atomic weights. In this manner we get in the above example— 
350 . 100,000 : 1000 . 500 = 100,000 : nee - 500. 

Hence, if we again place the atomic magnetism of iron at 100,000, that of the 

peroxide is 500, multiplied by its atomic weight and divided by the atomic 

weight of the iron. 

On the other hand, if we take a given quantity of iron, at one time in its 
pure state, at another in combination with oxygen, in the form of peroxide, 
the magnetic attraction is different in both cases. To find the magnetism of — 
the gramme of iron in the peroxide, we must evidently multiply the magnetism — 
of this oxide, for which the table in the 23rd paragraph gives 500, by 

1000 

n .350’ 
in which m denotes the number of the atoms of iron contained in an atom of 
the compound. 

From this example we see that the magnetism of iron, in any of its chemical 
compounds, is equal to the magnetism of the atoms of this iron compound, 
divided by the number of atoms of iron which an atom of this compound con- — 
tains, provided that in each case we take pure uncombined iron as the point of — 
comparison. - 
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rection, and this not so much on account of the method adopted 
in their determination, as on account of the uncertainty regarding 
the chemical purity of the substances, to which point in subse- 
quent determinations of this kind attention should be principally 
directed. 


§ 3. Comparison of the Intensity of the Diamagnetism of different 
substances. 

38. I shall next detail the results of two series of experiments, 
which were performed by the method developed at the end of 
the 6th paragraph. The electro-magnetism was in both cases 
excited by a battery of ten Grove’s cells; and in each case nitric 
acid, which had not been previously used, and a mixture of 
1 part of sulphuric acid and 12 parts of water (by volume) were 
_ taken. The watch-glass, with its ground cover, was filled with the 
various substances in succession; and when thus filled, was ex- 
posed, as described in the 5th paragraph, to the two halves of the 
_ keeper, the rounded ends of which were turned towards each 
other, so that it touched each of them at a single point only. 
In the determination of the attraction of the watch-glass which 
then ensued, the error of observation certainly did not amount 
to 0°01 grm. ‘The weight of the solid bodies was determined in 
each case, and usually the specific gravity of the fluids was sub- 
sequently taken. 

In the first series of experiments the following results were 


"obtained :— 
grm. 
Attraction of the empty watch-glass with ate 49 
cover and brass ring 


Attraction of the wales filled es 


Be GGT WALER is irlewn tis cueyoib obit-cngl's tilen aD 
2. Alcohol I. RHE iL wet) ed ocieeuttens] teem 00D Oe 
3. Sulphuric ether PPM ENE hase Se Renn Lh 
4. Solution of ferrocyanide of SEE dived HOE 
5. Solution of ferridcyanide of potassium. . 0°72 
EMADAPAOTNIG: wisest sir) dt ne -ukeny ai) Bailey aay ESO 
waperxige of bismuth. . (fWbajeute ft bcoitey O43 
Seer lowers-of sulpliar’ >! ~ fy gaiise ep), 04 0239 
#,-@ulphuric acid... ; 0°40 


_ 39. To test the constancy of the Sitios of the magnet, Bates 
of a second watch-glass, already mentioned in paragraph 11, and 
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filled with the lard-mixture III. (100 lard, 1-6 iron), were made 
between the different determinations. On first closing the cir- 
cuit, the watch-glass was attracted by a weight of 69°9 grms. ; 
this weight continually increased until it attained its maximum, 
and then again diminished to 70:0 grms. towards the end. The 
weighings, which followed each other as rapidly as possible, 
lasted three hours. After each weighing the circuit was opened ; 
the keepers, however, remained undisturbed. 

With regard to the increase of the force of the electro-magnet 
at first, and its subsequent diminution, I have preferred not re- 
ducing the results of the weighings. If merely magnetic sub- 
stances were concerned, we evidently come nearer to the truth 
when we consider the attractions as in proportion to the weights 
requisite for the withdrawal of the normal watch-glass at the 
various moments. But after numerous observations, and the 
investigations contained in the following paragraphs, I consider 
that this proceeding, which in consequence of the-great expense 
of time, augments the inequalities in the intensity of the cur- 
rent, is unjustifiable in this case, where the electro-magnet acts 
upon a combination of magnetic and diamagnetic substances. 

Moreover, the corrections have but little influence upon the 
result. I therefore prefer considering the current as constant 
throughout. 

40. The second series of experiments was made on the fol- 
lowing day ; the halves of the keeper had remained undisturbed ; 
on the addition of fresh acid a similar circuit was set in action. 
After this had acted for some time, a weight of 70:5 grms. was 
requisite to withdraw the test watch-glass; and this weight, 
during the short duration of the weighings, varied 2 decigrms. 
only. The attraction of the watch-glass, both when empty and 


when filled with distilled water, was also found to be exactly the — 


same as on the previous day, so that we may resolve the two 
series into one only. 


In the second series of experiments, | the attraction of the watch- 


glass, when filled with— 


grm. 
it; ‘Alcohol II., amounted: to servers hs ehOse 
2... Beaten,ox-bloéd- °°. 62 aL keds Otmeee 


B. Mercury? s+ wiive: oe eee am ret ARNO :O5 
4. Sulphuret of casa Pe eee ey APR OR Oss 
5, Hydrochloric acid. .... .. « «+ «033 


ee er «> 


. 


oR 


ae 
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grm. 


Be INETIC HEIG) ore, Re ae ew te OBO 
Pepe OL CUIPEMINE fe ee ne tat | Oe 
8. Powdered ferridcyanide of potassium . 1°49 
9. Powdered chloride of sodium. . . . 0°36 


The weights of the solid substances examined were,— 


grm. 
IPHOSOHOTUS oF a eo 0 ean + nao oO 
Sublimed sulphur . . . 11°41 
Oxide of bismuth . . . 14°10 
Chloride of sodium. . . 13°52 
Ferridcyanide of potassium 11°05 


The specific gravities, excepting those of sulphuret of carbon and 
oil of turpentine, were found by direct determination to be— 


Pileahololiiy,.. frais Sede IO se SORE 
Ailcobobdih: paaicauek ved spond Oo Bae 
Sulphuric zether: 4 (340.0 004 {+ 649 0°930 


Sulphuret of carbon. . . . . . 1:263 
Oil of turpentine. . . . . . . 0°870 
Sulphuric) acid |) 60h). tn) HF B39 
Wairme acid! Wb, tds 99 Ah. WOUM EPR AUTOR 
Elydrochloric!acid (254 3). 40) 402s 2TN2S 
Solution of ferrocyanide of potassium 1'224 
Moephorts «95s]/8 2 oa agg 


41. The following table has been piste dew from the deter- 
_ minations in the last paragraph :— 


Diamag- | Diamag- 


Diamag netism of | netism of 
netic “i 

repulsion. jfaasen oat! 
NALCE IG cance c.osncnnsWaenbhne side sanctdessoondsps iseldeskve O-14 100 100 
BRANES E (2D Lb ee cte se cos .cccces daronsctcesiserssscasace 0-13 “93 114 
Alcohol If: (0°851) ......c5c0eceseees Fe pect Sore 017 122-5 143 
SPURURICIEE DCT hare ossvc0rensnnscenovspesedaseanaerenss 0-13 93 127 
SPADE OL CANDON':.c555.cc0scr-s cosas sconpicseasssecsin 018 129 102 
PIBIDOUTIC ACIO) V5.0 2e dvcedccoond ccodessscevedopecsspdesetes 0:09 64 34 
BUI CINOTIO HU veveesess0s0p ssepdes0 cen cess sees sencse stay 0-16 114 102 
BEPRACAD Svs. .cssserescccesevee Frseve aden ee tov es acters ot 0-10 71 48 

RETIN SED ICICI flaca divans ospop><sSoreessattyssyaspensctes 017 122°5 

Saturated solution of ferrocyanide of potassium ...| 0:12 86 70 
_ | Purified chloride of sodium, powdered ............+- OTS tes: 79 
| Oxide of bismuth, powdered ........-sesseesseeeeeeeeee 0-06 Satoh 35 
MERMDONMIER SIPHUL...005.-..0serornccvcscccncseesesoosanecce OLOiiViae-... 71 
MMPI OE TOXPENEING | s.c000ccsscsdevesecsdeccecsecsctecenssced 0-15 107 123 
EER CUSULs 90550 dysrbanenece +s0t0 pea are t pveataueste Bins sben 0-44 314 23 


_| Phosphorus ....... 5 PO eae Sappasinerioetat seooees| 0°245 | 172 100 


° 
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The first column in the preceding table exhibits the repulsion 
which the various substances, when inclosed in the watch-glass, 
experience from the influence of the electro-magnet, expressed 
in grammes. In the second column the diamagnetic repulsion 
of the water is placed at 100, and that of the other substances 
is calculated from it. These numbers have a general signifi- 
cation, and are independent of the volume and the shape of 
the substance tested; so that when we place the various sub- 
stances in any other given form, and withdraw this in a corre- 
sponding manner from the poles, the same numbers must be 
found. In the case of the powdered substances these numbers 
are neglected, because they have not a general signification. In 
the third column, the diamagnetic repulsion which equal weights 
of the substances examined experience, is expressed in numbers, 
the repulsion of water being placed at 100. Thus these num- 
bers give the corresponding diamagnetic repulsions, when we 
place equal weights of the various substances, uniformly distri- 
buted, in the same given form. 'The numbers corresponding to 
the different powders here also have a perfectly definite signifi- 
_ cation. In each case they were at last pressed into the watch- 
glass with tolerable force, and as uniformly as possible, by means 
of the cover. Assuming that they were uniformly pressed in, 
their greater or less density has no influence upon the numbers 
of the third column. 

42. To the preceding table I shall append the following ex- 
planations and remarks. 

The mercury examined was pure. The watch-glass was filled 
with it, as with the other liquids; but, assuming a convex form 
at the margin, it elevated the cover, so that at that part most 
remote from the two halves of the keeper its form became some- — 
what changed. The diminution of the diamagnetic repulsion — 
arising from this cause is scarcely perceptible. 

Impure mercury may exhibit magnetic reactions (70.). 

43. The phosphorus was fused in water, poured into the watch- — 
glass, and wiped off with the cover. It then solidified within it. 
With this. same mass of phosphorus some preliminary experi- 
ments were previously made. With a weak current (the mag- — 
netism being excited by only four Grove’s cells) the intensities 
of the diamagnetic repulsion of the phosphorus and of the water 
were especially compared. The former was repelled with a force 
of 0°14 grm., the latter with a force of 0:08 grm.; hence the 
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diamagnetic forces for equal volumes, acting upon water and 
phosphorus, are in the proportion of 
100 : 175. 

This result agrees perfectly with that previously detailed. 
Such conformity in the results, which were obtained under dif- 
ferent circumstances, is a confirmation of the accuracy of our 
view, which, although established as regards magnetism, has 
only been extended by analogy to diamagnetism as far as relates 
_ to the comparison of its intensity. 

44. The alcohol 1., which I subjected to examination in the first 
series of experiments, was found for the same volume to be less 
_ strongly diamagnetic than water, although a former, but merely 
preliminary experiment, had undoubtedly shown that, on the 
contrary, alcohol is more strongly diamagnetic than water. This 
appeared to me more surprising, because ordinary spirit-lamp 
alcohol of 0°851 spec. grav. had been substituted for the former 
alcohol II., whilst the alcohol I. was obtained from a chemical 
manufactory. To control this result, I again examined the alco- 
hol II. on the following day, and then found the previous result 
confirmed, as also perfectly the weighing made with alcohol I. 
on the preceding day. It also appeared so improbable that alco- 
hol, when in combination with a small quantity of water, should 
be less diamagnetic, and when combined with a larger proportion 

more so than pure water, that I made a direct experiment to 

decide this point, by adding water to the alcohol I. This caused 
but little difference in its diamagnetism, as it apparently—very 
small quantities were used—more approximated to the diamag- 
' netism of the water. Hence we can only imagine that the alco- 
hol I. contained iron, or some other magnetic substance, in 
_ admixture, which it had probably taken up during its rectifi- 
 cation*. 
With very volatile liquids the evaporation occurring during 
_ the experiment is a source of error. This would, however, make 
the diamagnetism of the fluids in question too great, so that it 
can afford no explanation in the present case. 
45. The three acids which I subjected to examination are not 
equally diamagnetic; hydrochloric acid is the most strongly so, 
tric acid comes next, and sulphuric acid last. 


* This supposition is also supported by the circumstance, that ordinary alco- 
hol burns with a blue flame, whilst in the rectified this was yellow. 
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46. The deportment of the ferrocyanogen salts is most re- 
markable. In the 46th paragraph of my memoir upon the action 
of the magnet upon vapours and liquids, I have denoted both of | 
them as diamagnetic; which Faraday, by allowing crystals of the 
two salts to oscillate, had also found them to be. The fact is un- 
doubted in the case of the ferrocyanide, though I must withdraw 
my assertion, that a saturated solution of this salt is more strongly 
diamagnetic than water. It was based upon the observed mo- 
tion which this solution, contained in a watch-glass and placed 
upon the approximated poles of a magnet, assumes on closing 
the circuit; an indefinite mode of estimation, which, probably 
on account of the slight transparence, preponderated in favour 
of the solution of the ferrocyanide. But the case is quite 
different as regards the assertion that the ferridcyanide is 
diamagnetic; on the contrary, it is decidedly magnetic. My 
former statement refers to a period at which I was unacquainted 
with the results contained in my memoir on the repulsion of 
the optic axes of crystals by the poles of a magnet, and arose from 
giving a false interpretation to a correct observation. 

In the first series of experiments, a tolerably concentrated 
solution of the ferridcyanide, obtained from a chemist’s shop, was 
found to be decidedly magnetic. Its magnetic attraction amounted 
to 164, placing the diamagnetic repulsion of water at 100. To 
control this result, in the second series of experiments I exa- 
mined crystals of the ferridcyanide, procured from a chemical 
manufactory ; these were finely powdered, and the watch-glass 
then filled with them. They were strongly magnetic; for the 
same weight, they were 7°4 times as strongly magnetically at- 
tracted as water was diamagnetically repulsed. I immediately 
supposed that the contrary assertion might have arisen from a 
magnetic axial action. To decide this point, I selected two ery- 
stals, one a small one, which Prof. Bergemann gave me as che- 
mically pure; and a larger one, which I had long had in my 
possession, and which came from the Schénebeck manufactory. 
Both crystals, when suspended so as to oscillate horizontally be- 
tween the approximated apices of the poles, on closing the circuit — 
flew to the nearest of the apices of the poles; this occurred even ’ 
when the current was excited by a single cell instead of ten. : 
But when the crystals, by shortening or elongating the silkworm- — 
thread by which they were suspended, were slightly raised above — 
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_ or depressed below the line of the apices of the poles, they deci- 
dedly assumed an equatorial position, as a strongly diamagnetic 
uncrystalline body of the same form would have done. I shall 
again recur to this subject on some future occasion, for the 
present I must leave it.” It is however so far certain, that the 
_ ferridcyanide derived from different sources is magnetic. 

47. The magnetism of the ferridcyanide, in opposition to the 
diamagnetism of the ferrocyanide, is the more remarkable, as the 
_ latter (FeCy + 2KCy) is a compound of the protocyanide of iron, 
_ and the former (Fe* Cy?+3KCy) of the percyanide of iron with 
cyanide of potassium ; whilst the percyanide is a form of com- 
_ bination in which the amount of iron compared with the cyano- 
_ gen diminishes in a greater proportion than in the protocyanuret. 
- In a certain sense, the different reaction of the proto- and per- 
_ chloride of iron, in which case (in solution) the latter is certainly 
_ not magnetic, but less diamagnetic than the former, forms an 
_ analogy to this. 

_ The magnetism of the ferridcyanide appears to be too great 
_ to suppose, as occurred to me for a moment as probable, that 
_ it might be ascribed to an admixture of protochloride of iron, the 
_ amount of which would then be too great. 
_ 48. Finally, if we glance at the last column of the table in the 
4lst paragraph, which, for equal weights, gives the diamagnetism 
of the different substances, it is evident that this diamagnetism 
in all the substances enumerated, which are not mixtures in in- 
definite proportions, may be expressed within the limits of error 
_ of observation by perfectly simple numerical relations. The 
greatest deviation, one-nineteenth, occurs in sublimed sulphur 
and chloride of sodium ; but even in these cases the probable 
i error is greatest, on account of the want of uniformity in pressing 
_ in the powdered substance. The simple numerical relations 
_ alluded to are :— 
Phosphorus, water, sulphuret of ete 
and hydrochloric acid . . . 

Sulphuric ether and oil of turpentine 

Sublimed sulphur and chloride of sodium 

Michie 2e10.,.°. ,. : 

Oxide of bismuth ha auntie ean 

Mercury... PP ae aN Pe 
Are these relations wadenear or will they be generally con- 
firmed? We must wait and see whether the latter occurs. 


: 


4 


a Ca tp BOT len 


746 PLUCKER ON THE DETERMINATION OF THE 


§ 4. On the Comparison of the Intensities of magnetic attraction 
and diamagnetic repulsion. 


49. In my memoir on the relation of magnetism to diamag- 
netism, I have shown, that when magnetic and diamagnetic sub- 
stances are mixed, and hence magnetic and diamagnetic forces 
exist together, the former forces decrease less in proportion to 
the increase of the distance than the latter; hence that the same 
body may at one time react like a magnetic, at another like a 
diamagnetic body. It thus follows that it is impossible to ex- 
press generally by numbers the relative intensities of magnetic 
and diamagnetic forces; for how could this be possible when the 
same body, according to its distance, is at one time attracted, at 
another repelled by the electro-magnet, so that in the case of 
the same body the active force may not only diminish, but also 
change its sign? Ina later memoir upon diamagnetic polarity, 
I have shown that in the phenomena above mentioned the 
distance comes into consideration, not as such, but merely in- 
asmuch as the force of the electro-magnet diminishes with the 
distance from the poles; that, at least, the same body may be 
diamagnetically repelled by a powerful electro-magnet and at- 
tracted under the same conditions by a weaker one; that when 
the force of the electro-magnet increases, the diamagnetism in- 
creases in a greater proportion than the magnetism. 'The law 
deduced in the former memoir hence holds good, merely ac- 
quiring a different theoretical interpretation and becoming ex- 
tended. But now, according to my view, the expression by abso- 
lute numbers of the quotients of the magnetic attraction of one 
body and the diamagnetic repulsion of another, must not be — 
attempted ; this quotient is a function of the strength of the 
electro-magnet. 

I shall next describe a series of observations, which at first 
sight appear very surprising, but on further consideration are 
a necessary consequence of the laws detailed in the previous 
paragraph. 

50. In the determination of the intensity of the diamagnetic 
repulsion of phosphorus, as described above, the watch-glass 
filled with this substance was suspended from one end of the i 
beam, and balanced so as to be kept oscillating close above the ‘ 
two halves of the keeper. On exciting the magnetism by ten — 
Grove’s cells, it was attracted, and a weight of about 0°25 grm. 
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in the scale hanging from the other end of the beam was requisite 

to separate the watch-glass from the two halves of the keeper ; 

but after it had been withdrawn, the watch-glass, at a certain 
_ distance (about 50 millim.) from the electro-magnet, was held fust 

by the latter in such a manner, that when further removed from 
_ the magnet it was attracted, and when more approximated to it, 

it was repelled. On opening the circuit, the watch-glass con- 
taining the phosphorus separated further from the electro- 
magnet. 

When only two cells were used, the phenomenon described 
above was still better observed; even a less excess of weight 
separated the watch-glass; and the latter, when in greater proxi- 
_ mity to the electro-magnet, assumed the repose of stable equili- 
brium. When this had ensued, and the magnetism was then 
withdrawn, the watch-glass separated completely from the elec- 
tro-magnet. 

The same phenomenon was very well seen with ten cells, when 
_ the phosphorus was removed from the watch-glass and placed 
immediately in the brass ring. The position of equilibrium in 
this case existed at a distance of 4 millim. to 5 millim. from the 
two halves of the keeper. 

51. Finally, when mercury was placed in the watch-glass 
instead of the phosphorus, its withdrawal then ensuing with the 
slight excess of weight 0:05 grm., the watch-glass assumed a 
stable position of equilibrium at a very small distance (about 
1 millim.) from the halves of the keeper, so that at a little distance 
it appeared still to adhere to the halves of the keeper. A con- 
siderable excess of weight was requisite to remove the watch- 
glass further from the halves of the keeper; this separation oc- 
curred immediately when the magnetism was withdrawn. In 
another experiment, 120 grms. of mercury were poured into a 
porcelain cup, spherically rounded at the bottom, and this was 
suspended in a brass ring. As the attraction of the empty cup 
with the ring was too feeble, an iron rod (arranged axially) was 
fixed by means of wax to the corresponding beam; on using ten 
cells the attraction then rose to 1:20 grm. The cup with mer- 
_ cury was then withdrawn by a load of 0°80 grm., so that we get 
0°40 grm. as the diamagnetic repulsion of the mercury. ‘The 
stable position of equilibrium occurred at an elevation of 1 mil- 
_ lim. to 2 millims.; on opening the circuit, the cup was raised 
more than 100 millims. 
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52. The experiments in the two preceding paragraphs possess 
demonstrative power only when the position of equilibrium 
with closed circuit is quite in the vicinity of the poles, so that 
the tendency of the balance to return to the oblique position of 
equilibrium before the closing of the circuit, acting im the same 
direction as the diamagnetic repulsion, may not increase the ap- 
pearance observed, and under certain circumstances alone pro- 
duce it. It is therefore desirable to possess some modification 
of the preceding experiments, in which no such disturbing action 
occurs, which might so easily lead to false conclusions. ; 

I again suspended a watch-glass, in which was placed a rounded 
piece of bismuth, in the usual manner over the approximated 
poles, to one arm of my great balance, and then by counterpoids 
brought it into the horizontal position of equilibrium. At the 
same time there was an arrangement which allowed of the watch- 
glass being placed at different distances above the poles, by 
raising or lowering the balance without the equilibrium being 
disturbed. After this had been determined, the electro-magnetism 
was produced successively from a different number of Grove’s 
cells. The magnetism and diamagnetism must then show their 
presence by the attraction and repulsion of the watch-glass. The 
magnitude of this attraction and repulsion, measured by the 
raising and lowering of the watch-glass, is given in the following 
series of experiments; so that an approximate value may be 
made of the preponderating magnetic or diamagnetic force :— 


I. The watch-glass in contact with the armature :— 


millims, 
Number of cells 8 Repulsion 5:0 
ra 2 A 0°5 (scarcely) 
2 1 No perceptible effect 


II. The ead raised 1°5 millim. :— 
Number of cells 8 Repulsion 3°5 


nie ont 4 Bot 2°25 
ese aes 3 cn 1°5 
toe Pee 2 oe 0°5 


i 1 Attraction 1:0 
Ill. The sid Wtadl aged 3°5 millims. :— 
Number of cells 8 Repulsion 1:0 
ts 4 Attraction 1-0 
il Mee 3°0 


” 
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IV. The watch-glass raised 5°5 millims. :— 


millims. 
Number of cells 8 Attraction 3°0 
5 as 1 dc 3°25 


VY. The watch-glass raised 8°5 millims. :—- 
Number of cells 8 Attraction 5:0 
1 a 5°0 


By merely comparing a couple of the data from the pre- 
ceding observations, it is seen how, with the same suspension 
of the watch-glass containing the piece of bismuth, the entire 
mass, at a distance of 3°5 above the poles, is diamagnetically 
repelled and magnetically attracted with nearly equal force, ac- 
cording as the current is excited by eight or four cells; fur- 

_ ther, that the magnetic attraction increases considerably when 
the electro-magnets are weakened by using only a single cell 
instead of four cells. It is also distinctly evident how a greater 

_ distance from the poles, corresponding to a diminution of the 
power of the electro-magnets, produces the same effect. When 

_ magnetic attraction exists with a given strength of current, 

_ we do not obtain the greatest effect nearest to the poles; on 

_ the contrary, this greatest effect takes place at a considerable 

distance from them; it decreases even to evanescence by approxi- 

_mation to the poles of the electro-magnet if the latter is suffi- 

ciently powerful, and then, by continuing the approximation, 

_ diamagnetic repulsion is apparent, which constantly increases till 

_ the glass is in contact with the poles. On employing eight 

cells, the point of indifference is situated at a distance of about 

4 millims. from the poles, and with four cells from 1 millim. to 

2 millims. nearer to the poles. The maximum magnetic effect 

_ appears in both cases, at least with eight cells, not to be attained 

with a distance of 8 millims. 
53. In performing the preceding experiments, we constantly 

_ observe, that, even in the case of the most decided diamagnetic 

| effect, at the moment of closing, no repulsion, but rather a very 
evident attraction, occurs, and that this is converted into repul- 
sion only after the lapse of some time. The explanation of this 
| phznomenon must be sought for in the fact, that when the cir- 
' cuit is closed the power of the magnet attains its entire strength 
_ only after a certain time, and not instantly. The observation in 


—_ 
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are perfectly explained by the fact that the electro-magnet acts 
throughout upon a combination of magnetic and diamagnetic 
substances, and by the magnetism diminishing less in propor- 
tion than the diamagnetism with the force of the electro-mag- 
net, and thus also with the distance from it. This is in fact 
what I had previously stated, even in the first of the two above- 
mentioned memoirs, without being aware of the phenomena 
which have been described, in the following words :—* It ap- 
pears moreover to be a necessary consequence of the results 
obtained, that the same body, perhaps in the form of a sphere, 
at a greater or less distance from one of the poles of the magnet, 
may at one time be repelled throughout its entire mass, at another 
may be attracted.” 

55. Thus if we could increase the power of the electro-magnet 
to such an extent, that not only the magnetic attraction, but 
also the diamagnetic repulsion; exceeded the force of gravity, we 
should have the remarkable phenomenon, that a body formed 
trom a proper mixture of magnetic and diamagnetic substances, 
and oscillating freely in the air above the poles of the magnet, 
would be retained by the latter. The experiment might be per- 
formed even now, if we were to invert the poles of the magnet, 
when the force of gravity might be balanced by the magnetic 
attraction acting in an opposite direction, instead of by the 
couuter weight; and then the excess of the magnetic attraction 
alone over the gravity and the diamagnetic repulsion would 
remain active. 

56. That the diamagnetism increases more rapidly than the ~ 
magnetism when the strength of the electro-magnet increases, © 
may be confirmed by direct weighings. 

To show this provisionally, I took a hollow hemisphere of | 
sheet brass, and suspended it in the same manner as the watch-_ 
glass. About 115 grms. of bismuth were then fused in it, and 
allowed again to cool. The solidified mass could be taken out, | 
and again replaced, On using in succession two, three and ten 
cells, the attractions of the empty brass cup amounted respect- 
ively to— 


grm. grm. grm. 

0°69 113 2°15; 
and that of the brass cup containing the bismuth to— 

0°53 0-71 0-48; 


whence we have, as the diamagnetism of the bismuth, 
0:14 0-42 1:67. 
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If, in the above determinations, a weight of 0°60 grm. had 
been placed in that scale-pan which receives the weights for the 
separation, the brass cup containing the bismuth would be re- 
pelled by the electro-magnet in the first and third determinations, 
but attracted in the second. 

57. In the sixth paragraph of my memoir of the 8th of Sep- 
tember, I have drawn the conclusion on theoretical grounds, that 
by the admixture of two substances, one of which is magnetic, the 

_ other diamagnetic, we cannot procure a body which is absolutely 
_ indifferent to the magnet. I was then only enabled to attribute 
_ this to a body, which is indifferent at a given distance, be- 
coming diamagnetic on the diminution of the distance, and mag- 
netic on its increase. This may now be extended to the effect 
that the same body may under exactly the same general cir- 
cumstances become magnetic under the influence of feeble mag- 
_ netism, but when the magnetic force is increased, passing through 
_ the indifferent state, it may become diamagnetic. A direct con- 
- firmation of this appeared to me desirable. I therefore took a 
_ gramme of the crystals of protosulphate of iron which had re- 
cently formed; these I carefully dried, dissolved in 50 grms. of 
distilled water, and filled the watch-glass, which had been used 
in the determinations of intensity, with the solution. When the 
: electro-magnetism was excited by two cells, it was found, by the 
‘ method made use of in the former determinations, that the 
i watch-glass with its contents was somewhat more strongly 
_ attracted than the empty watch-glass. But when fen cells were 
set in action, the reverse occurred. Thus the solution reacted 
_ magnetically in the first case, and diamagnetically in the second. 
The watch-glass, with its cover and ring, was still too strongly 
magnetic to give these kinds of determinations all the accuracy of 
which they are susceptible. The above proximate determination 
_of the point of indifference is in general more accurate than the 
_ corresponding one in the 42nd paragraph of my memoir of the 
22nd of January 1848, because in the latter the evaporation of 
the uncovered fluid, arising from its small quantity and great 
extent of surface, interferes with the result. © 
Faraday states that 48°6 grs. of crystals of the protosulphate 
_ of iron are insufficient for the removal of the diamagnetism of 
10 cubic inches of water. From this it is evident, placing the 
weight of the English cubic inch of water at 250°46 grs., that 
the proportion is as 1: 52. 


te 
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58. We have already (23.) found the magnetism of protosul- 

phate of iron dissolved in water to be equal to 

126, 
the magnetism of the iron for the same weight being placed at 
100,000. If in the same space which was previously filled with 
the unit of weight of the green vitriol, we now diffuse merely 
the fiftieth part, the magnetism becomes reduced to. 

2°5. 
Its intensity would thus amount to only the 40,000th part of 
that which occurs with a unit of weight of iron. 

If we assume the same number as the measure of the diamag- 
netic repulsion of the water. a gramme of water uniformly diffused 
within the watch-glass, on Dene six Grove’s cells, would expe- 
rience a repulsion of about <,5°,5 = gia grm. (18.). Hence the 
water filling the watch-glass, which weighs about 11°5 grms., 
would suffer a repulse of 

0°14 grm. 
This number is somewhat greater than that found by observa- 
tion ; it was obtained with the use of ¢en cells. 

From this it appears, that if we regard the removal of the 
magnetism of the green vitriol as a compensating power, a large 
amount of maynetism is requisite to neutralize a small amount of 
diamagnetism. 

This result, if it is all generally applicable, is evidently con- 
nected with the fact, that magnetism increases less in proportion 
to the increase of the force than diamagnetism, which appears to 
lead to the conclusion that a greater coercive force is opposed to 
the excitation of the latter*. 

If, in the preceding development—but evidently however with 
less reason—instead of the magnetism of the green vitriol in 
an aqueous solution, we took the magnetism of the solid green 
vitriol, we should have 

0°08 grm. 
as the diamagnetic repulsion of the water in the erate: chow, . 
which would be too little ; for this was found to be the repulsion © 
when four cells only were used. 


§ 5. On the Influence of Heat upon the Intensity of Magnetism ; 
and Diamagnetism. 


59. The influence which heat exerts upon magnetism has been 
a subject of numerous investigations. However, the influence 


* Compare my Memoir of the 2ist February 1848. 
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which it exerts upon permanent steel magnets has alone been 
examined with accuracy. This permanent magnetism is destroyed 
by a white heat; it was also found that at this temperature iron 
ceased to be attracted by a magnet. The observations of M. 
Pouillet refer to this point; he found that cobalt, even at the 
highest temperature, remains magnetic; that, as the heat in- 
creases, chromium ceases to be magnetic a little below a red 
heat, nickel at 662° F., and manganese at 68° to 77° F. below 
zero. After the discovery of diamagnetism, it occurred to me 
whether the magnetic condition of the body at these limits might 
not have passed into the diamagnetic state. But Faraday found 
that white-hot iron was always distinctly magnetic, although but 
slightly so. He was never able to observe a transition into the 
diamagnetic state; nor has he observed any influence upon the 
diamagnetism of solid and fluid bodies. He merely imagined, 
quite recently, after having observed that warm air is more 
strongly diamagnetic than cold air, that heat might increase the 
diamagnetism of all bodies. The method adopted in our deter- 
minations of the intensity gives here also the most certain ex- 
planation. 

60. A hollow hemispherical cup of sheet brass, 56 millims. in 
diameter, was filled with white sand, and a small piece of sheet 
iron placed horizontally in such a manner that the sand formed 
a layer 6 millims. to 8 millims. in thickness above it. Three thin 
silvered copper wires, which converged superiorly, were fixed to 
this cup, and supporting the scale-pan, could be suspended to the 
beam of the balance. The cup with the sand was heated over 
a coal fire, suspended to the balance, brought into equilibrium, 
and placed as usual above the approximated round halves of the 
_ keeper ; the magnetism was then excited by the current of a 
_ single Grove’s cell, and the weight which was requisite to pull 


_ off the cup was determined. These determinations of weights 


were repeated constantly during the gradual cooling; to avoid 


and then fine sand, both of which were subsequently weighed, 
into the other pan of the balance until the separation ensued. 


i the loss of time, this was effected by gradually placing first shot, 
i 


"To determine about the temperature, which at the first separa- 


_ tion might be 572° F., the time at which the cup was withdrawn 


Ll ‘im each case is given in the following table, together with the 


"weight requisite to produce the separation. I may remark here, 
_ that after the fourth separation the cup still hissed when touched 
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externally with the wet finger. The current was not interrupted 
during these determinations of weight. The weights are those 
directly required for the separation; correction appears unne- 
cessary, because the cup with the sand only is scarcely at all 
affected by the electro-magnet :—- 


Time. Weights for separation. 
hes'* u grms. 
9 50 153°70 
9 52 30 158°25 
9 54 159°80 
9 56 161°70 
Sey ie 8, 162°40 
DPD OSS, 163°16 
LOSS 166°75 


We thus see how the magnetism of sheet iron, on cooling to 
the temperature of the room, continually increases. The dif- 
ference amounts to 8 per cent. of the intensity determined at this 
temperature. 

61. Peroxide of iron was next examined. For this purpose, 
instead of the brass cup, I took a somewhat smaller one of 
porcelain, which was suspended to the balance in a brass ring. 
The peroxide, about 25 grms., was heated to 752° F. at least; 
but its temperature at the first weighing had sunk to about 
572° F. Nine weighings, immediately following each other, were 
taken; and after the ninth weighing the temperature of the per- 
oxide was 84° F. The current was excited by three of Grove’s 
cells. The attraction of the empty porcelain cup, which amounted 
to 0°14 grm. only, has been deducted in each case :-— 

grms. 

Weighing 52°01 
ods 56:97 
59°54 

63°04 

65°96 

67°61 

67°91 

ve 68°67 

2: See 69°61 


AL: 
Qe 
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The magnetism of the peroxide of iron, at the highest tempera- _ 


ture observed, is thus rather more than 25 per cent. less than at 


the temperature of 74°F. For the same temperatures it dimi- — 


| 
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nishes in the case of the peroxide of iron more rapidly than with 
iron. 

62. Lastly, that protoxide of nickel, the magnetism of which 
was previously determined, was submitted to experiment in 
exactly the same manner as the peroxide of iron above. The 
heat acquired was about the same, but six Grove’s cells were 
used to excite the current. The following are the corrected 


magnetic attractions :— 
grm. 


1. Weighing 0°963 
2 oa 0°963 
3. eee 1:082 
4. oo 1°150 
5 1°206 
6. oF 1°325 
eee ane 1:482 

After the fourth weighing the porcelain cup still could not be 
held in the hand without pain, but this could be done easily 
after the fifth. After the last weighing but one, the temperature 
of the cup was below that of the blood. Hitherto the weight 
required for the separation was determined by placing in the 
proper scale-pan pieces of paper, the size of which was constantly 
diminished, and the total weight of which was subsequently de- 
termined. From this time the constant increase of the mag- 
netism was observed directly for six to eight minutes, because 
more weights could constantly be added gradually to the last 
but one. In this way the last weight was found. 

The above results are extremely remarkable, because @ con- 
siderable change in the original elevated temperature did not pro- 
duce any change in the intensity of the magnetism of the protoxide 
of nickel. The two first weighings agreed perfectly. The sub- 
sequent ones show at least, that the magnetism at a lower tem- 
perature increases simultaneously with the latter in a more acce- 
lerated degree than at a higher temperature. F 

The deportment of the oxide of nickel is probably in close 
‘connexion with the observation of M. Pouiilet above mentioned, 
that nickel ceases to be magnetic at 662° F., which, in accordance 
with the more recent investigations, signifies merely that the 
Magnetism is reduced to a minimum. 

Is this limit, at which the magnetism vanishes, the same in 
the case of the protoxide of nickel also? 


756 PLUCKER ON THE DETERMINATION OF THE | 


63. To determine the influence which heat exerts upon the 
diamagnetism of bodies, I first took bismuth. In the brass cup 
mentioned in paragraph 60, I fused 116 grms. of this metal; it 
was heated to beyond the point of fusion, and then placed above 
the pole of the magnet. The magnetism was excited by eight 
Grove’s cells (the nitric acid had been used once previously). 
After the attraction of the empty cup had been found to be 

1°97 grm., 
the attraction of the cup containing the fused bismuth was de- 
termined in the manner described above; and during the gradual 
cooling and solidification of the bismuth, these determinations 
were continued, without opening the circuit, until the mass had 
again acquired the temperature of the room. 

In the first experiment, the weights requisite to produce the 
separations successively were— 

0°95, 0°76, 0°41, 0°37, 0:35, 0°235, 0°19, 0:35, 0°38, 
0°35, 0°35 grm. 
The first experiment proved beyond a doubt, in opposition to 
the expectation which I had based upon Faraday’s opinion, that 
the intensity of the diamagnetism diminishes at more elevated» 
temperatures. The relative measure of these for the limits of 
temperature in the experiment was 
1-02 and 1°62 grm. 

A glance at the results of the weighings gives rise to the sup- 
position that during the sixth and seventh weighing the balance 
was not in perfect order. This being premised, the diamag- 
netism ceases to alter when the bismuth has cooled down to a 
certain temperature. The third before the last only would then 
contain a small error, which is easily explained by the nature of 
the process being one in which haste is unavoidable. 

64. The same experiment was repeated, with every precaution, 
in the same manner, except that ten Grove’s cells (with nitric 
acid which had been once previously used) were applied, and 
the fused bismuth was of a higher temperature. The attraction 
of the empty brass cup amounted to 

2°15 grm. 
The weighings, which were then uninterruptedly continued in~ 
succession, and in which counterpoise was effected by means of - 
paper and fine sand, yielded the following results :— 
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: Attraction of the cup Diamagnetism of 
containing the bismuth. the bismuth. 

1% 1:87 0°28 

2. 1°49 0°66 

De 1-11 1°04 

4. 0°94 1°21 
5. 0°79 1°36 

6. 0°68 1:47 

hs 0°64 1°51 

8. 0°62 153 

3u 0°57 1°58 

10. 0°42 (uncertain *) 

iA 0°49 1°66 

12. 0°48 1°67 


To give some idea of the temperature of the bismuth, I may 
mention, that in the fourth weighing the metal in a fluid state 
escaped from the interior through the solidifying upper crust ; 
that the temperature after the tenth weighing was judged to be at 
158° F. to 176° F., after the eleventh at about 131° F., and after 
the last at about 104° to 113° F. After thiy last weighing I 
satisfied myself merely that the attraction remained constant, or 
at least did not vary 5 milligrms. 

65. Hence it is indisputably certain, that the diamagnetism 
_ of bismuth diminishes as the temperature increases. 'This dimi- 
nution is considerable. During the experiment described, the 
intensity of the diamagnetism, which on the contrary increases 
_ as the temperature diminishes, was augmented siafold. 

If we suppose that during its cooling the bismuth becomes 
oxidized, and thus increases in weight, or that some magnetic 
body (iron), the magnetism of which increases as it cools, remains 
' mixed with it, both of these causes would affect the result ob- 
tained, so as to augment the increase of the intensity of the 
diamagnetism of the bismuth. 

_ The above result is especially remarkable, because by it 
the hypothesis that magnetism and diamagnetism when once 
alled into action are an identical excitement of matter, is sup- 


* The cup moved from the halves of the keeper when weights had not been 
placed in immediately before. When the attraction was diminishing, an ob- 
" servation of this kind would be most accurate, if the supposition, that an unob- 
_ served concussion might have caused the separation, had not arisen. 
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ported by both being modified in the same manner by heat ; this 
view has already been shown to be borne out by both exhibiting 
polarity. 

66. A series of important questions is connected with the 
above experiment; which was also subsequently repeated in a 
porcelain cup, and the same result obtained. 

Ts there a limit to diamagnetism, so that at a certain degree of 
temperature it entirely disappears or is reduced to a minimum, as 
is the case with the magnetism of iron, or other magnetic metals ? 
In the case of bismuth this limit would lie between 572° and 
jo2°E. 

67. During the last experiment the state of aggregation of the 
bismuth became changed. It occurred to me to inyestigate by 
experiments with other diamagnetic substances, whether the 
transition from one state of aggregation to another exerts any 
influence upon the intensity of the diamagnetism; such indeed 
does not appear to be indicated by the last weighings. 

I first selected stearine. This was fused exactly as in the ex- 
periment with bismuth, in the same brass cup, and heated con- 
siderably above the boiling-point. On applying a current of the 
same intensity, it proved to be always equally diamagnetic, even 
during its solidification, and until it acquired the temperature 
of the room ; at least the difference in the attraction of the cup 
filled with stearine did not amount to 5 milligrms. 

68. 7°5 grms. of sublimed sulphur were then taken, fused in 
the hemispherical porcelain cup, and heated above its point of 


fusion. The cup was 45 millims. in breadth at the top; but as | 


it was not sufficiently magnetic to overcome by its attraction the 
repulsion of the substance within it, a rod of iron 60 millims, 
in length and 4 millims. in diameter was axially directed, and 
fixed by means of wax to the corresponding end of the beam, as 
in a former experiment. On using ten cells and fresh nitric 
acid, a weight of 
1°200 grm. 

was required to separate the empty porcelain cup. On insti- 
tuting the experiment as before, and counterpoising again after 
each experiment, the following weights were found requisite to 
separate the cup containing the sulphur, which was at first in a 
state of fusion, but after the third weighing began to solidify, 
from the halves of the keeper :— 
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grm. grm. 
1. Separation 0°956 4. Separation 0°956 
2. eee 0°968 5. sve 0°956 
3. fas 0°968 6. ove 0°956 


Diamagnetism = 0°244 grm. 


It is hence evident, that the temperature, within the limits of 
the experiment, exerts no influence upon the diamagnetism of 
the sulphur, or at least one which is scarcely perceptible. 

69. Lastly, 120 grms. of mercury by weight were subjected 
to examination in the same cup and with the same adjustment. 
In this case, after each separation, the temperature of the mer- 
cury could be determined, without disturbing the experiment, by 
the immersion of a thermometer. The temperature determined 
in this manner is however merely approximative, and somewhat 
less than that corresponding to the moment of the separation :— 


Attraction. Temperature. 
1. Weighing 0°794 grm. 260° F. 
2. a 0°788 180 
ae oe 0°806 144 
4 0°794 124 
De aaa 0°806 iMate 
6. oe 0°806 100 
7 0°806 Ot 


Diamagnetism = 0°400 grm. 


Hence, in the case of mercury also, the intensity of the dia- 
magnetism at different temperatures is invariably the same. 

The different weighings here control each other, and thus also 
afford a measure of the accuracy of the series of experiments. 

70. I shall now subjoin a final experiment, which was made 
before I was in possession of the proper porcelain dish, with 
114 grms. of impure mercury, in the same brass cup in which 
the bismuth was examined :— 


Attraction of the empty cup, 2°15. 


Diamagnetic Magnetic 
Attraction of the Temperature repulsion attraction 
cup and mercury. after the separation. ofthe mercury. of the mercury. 
1. 1°84 230° F. 0°31 grm. 
2. 1°82 167 0°33 
3. 2°28 136 wee 0°13 
4. 2°28 113 see 0°13 
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Thus the impure mercury used was diamagnetic at*a higher 
and magnetic at a lower temperature. This appears to arise 
from the magnetic substances mixed with it, the magnetism of 
which diminishes as the temperature increases. 

In conclusion, I am about to have an apparatus constructed 
for the purpose of making accurate admeasurements, in which a 
thermometer is fixed in the porcelain cup used for the separa- 
tion, and is separated simultaneously with it; this indicates the 
temperature at each moment in which the intensity of the mag- 
netism or diamagnetism of the substance to be examined is de- 
termined. I shall then be in a condition to subject metallic 


nickel to experiment. 
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